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INTRODUCTION

fBackground

In the mid-1960's ocean engineering attracted considerable interest

in research and development on providing man with the technology to

work in the deep ocean. Research on undersea concrete structures was

initiated at this time.- and exploratory test results showed much promise

(Ref 1) for concrete structures at depths to 3.000 feet (1,000 meters).

The economic payoff of the research was that massive undersea concrete

structures would cost about one-tenth that of metallic structures.

For the first several years. research was directed solely to con-

crete spheres, but tests on cylinders started about 1970. The early

cylinder models had an outside diameter of 16 inches (406 mm). Param-

eters such as cylinder length. wall thickness, end closure conditions,

and concrete compressive strength (Ref 2 to 4) were investigated and

studied.

The North Sea oil boom occurred in the early 1970's. and the first
offshore concrete platform, called Ekofisk. was built. With the success-

ful installation of Ekofisk in a water depth of 270 feet (90 meters).

industry ordered addi-tional concrete structures for oil drilling and

production. A dynamic development period ensued during which it

became apparent that knowledge on the behavior of pressure-resistant

concrete structures was substantially lacking.

In an attempt to make existing data known. Civil Engineering

Laboratory (CEL) test results were distributed widely (Ref 5 to 8).

However. the early work on cylinder structures was quite tentative

because of limited data on thin-walled cylinders.
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A major oil company lp;'oposed a lt:st program on l;iirgo-scahl,

thin-walled concrete models. This l'Oposal eventually led to a jOint

industry-Navy test program carried out at CEI.

During this period another important test was conducted at CEI, on

a large thick-walled concrete cylinder structure. The structure, called

SEACON I, was part of an integrated seafloor engineering expcriment to

demonstrate capability in constructing operational facilities in the ocean

(Ref 9). The structure was built in 1972., placed in the ocean at 600

feet (180 meters) for 10 months, and then retrieved. After being on

"display" for several years, it was tested to failure in the ocean in 1976

to determine its implosion strength.

Objective

This report presents updated design guides for implosion of con-

crete cylinders. The guides are based on the test results from the

thick-walled, SEACON 1. cylinder test (Appendix A) and from the

thin-walled cylinder tests (Appendix B). The approach to design is

similar to that already presented in Reference 8. However. the new

data are superior to that presented previously, especially for the thin-

walled models. The updated guides for thin-walled cylinders allow such

structures to operate at considerably deeper depths than indicated in

the past guides.

Description of Tests

Thick-Walled Structures. The SEACON I structure was a rein-

forced concrete cylindrical hull having hemispherical end closures. The

overall structure length was 20 feet. (6.1 meters); outside diameter.

10.1 feet (3.08 meters): and wali thickness. 9.5 inches (241 mam).

Steel reinforcement of 0.7- by area was used in both the hoop and axial

directions. At the time of the implosion test the concrete compressive

strength was 10.470 psi.
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IDuring tilth long-lerm loading test of the sitructure at (600 feet,

results were obtained onl thl! structure's response from initial loading

and ,reep. Although the data are interesting, the l)resslh'! load was-

relatively low, Only H", of its ultimate strength. Of more signifitiwanet

was the implosion test where tihe structure was lowered into the ocean

until failure. Complications occurred during this test which precluded

obtaining structural response data. but the implosion pressure was

successfully obtained. This test with its results is presented in Appen-

dix A.

Thin -Walled Structures. The thin -walled cylinder test program

encompassed 15 unreinforced concrete specimens. whose dimensions

were: 13,4 inches (3.4 meters) length. 54 inches (1372•" mrm) 01). and

l.31. 1.97. or 3.39 inches (33:. 50. or 86 mm. respectively) wall thick-

ness. 'Two different boundary conditions were modeled. a free and a

simple support. in order that cylinders of two effective lengths could

be studied. The concrete compressive strength ranged between a

nominal 7.000 to 8.000 psi (418 to 55 MPa).

Structural deformations were monitored by recordint radial dis-

placements arournd the cirtcumference of the cylinder. Accurate initial

and deflected cross-sectional shapes were obtained which showed the

progressive development of out-of-roundness.

"AAn analytical study using actual material properties and geometric

conditions was Conducted. A finite-element analysis with an advanced

constitutive material model was used.

This test program oen thin-wialled cylinders is presented in Appen-

dix It.

DESIGN FOR IMPLOSION

i"hick-Walled Cylinderts

The design approach for unreinforeed, thiek-walled eylinders is

bases! on an average stre:;s distribution across the wall of the ctylinder

3



-it implosion, Near implosion . tilt intlastic behav'ior or conervite along1

with plaI5IiLit y and i-ct'ep imlpar't a st rcss dist ribut ion acr~oss t he wall

that is moi't, closoly modeled by a uniform stress distribution than by anl

elastic (LanmtO stress distribut ion. A tinirorni sti'e5s at imwplosion is

expirvsset.t by

p -I

where o, wall strens at. implosion
'II

1).i implosion pi-essure

R outside radius

average wall thickness

The wall stress, at implosion. o. canl N, expreSSed as the 1ultimalte

comprossive strength of concrete multiplied by a strength factor,

0. k f' (2)tan c c

witert. k =strengthi factor for cy~inder Nt ructutres under
hydroStatic loading

= itiniaxial compressive strength of concrete

The term k c*as determined empirically . Figure I shows. k- as- a

funotion of leght-usd-imtrratio. L/D .for cylinders of
0

lForclidr under. hydrostatic loading. thef wall1 is stressed

biaxially ill com 11res.siol Onl the inside sur-face and trixal l com1PreS-

--ion at all1 other locations. The two ma1.jor stre0sses are, inl thet hloop and

axial dircet ionl where- theV hoop stress is about twvice the, magnlidtud o"f

the ax ial iress . The third . andi smallest . ompwonent of stress acts,

ra3dially. If tilt concerete is Considered biaxially loaded, thenl the hoop-

to-axial si re's- ratio of L2 is k:w~to increvasethe com('11Pressive streng'th
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Of ..''ncretv by a factor or' Multi 1 25 ' H el 1I o Therefore, valuecs

f'or the eyfindt':' Iv-,I spev imen of th is prograill sholtId Mlw a vallue on

the ordtir .%f I -. 2 A%. a minimum ,kV Shoi'uIldb

F~igure I show". that short cvylinders . I hose- of I./I(), ': I . had aI k

a'It\land I ." ,lwvr longer vylindetrs shotwed I k on tilhe orderi of*

1 0. Tlhe dvorvase in k 0was probably du. it, specifflcn imlpet-fect ion.

The short pciesWere also imlperfect . ut enld-closure, effects

restrained the clinder' wall. At 1./I of 2.0 the cnd-clo!sure teft'I ls

Were diminished.

Ani average kc oaue f 0 .8) was observed at1./) .1 I was

speculated tha~t some uinknown fabrication or testing problem existed for

thlt cylinders of this length in Comnpa risonl to tihe other specimlenls .*

For designi purpose's. a kC = 10 was selected for cylinders of

I.Dt 2. Thel re'ader is remfinded that this k includes thet effect o-f

outI -of - roun tness; and experimenta:l error. The reduction inl k( from

I 25 to I .0, a1 2011 Change .is difficult to assign Solely to olut-ot

roundness effect because, thic-k-walled structures are usually insensitive

to small geomeitrlic. out -of -rouI(ndnes." lience. kC = 1 .0 should be a

SolwV'a':vztive sli-c-ngth factor' for design purposes.

*Niluch ttetinwas given to why k should be as low as- 0.89. If
ot -of-r-oundness Was thle s-ole calust . then -tlle specim(enS Showed a1
41l.1'reaise ill strength of 219% due to out -ot -roundness, which was too
large ain effect for thick-walled Myinders . There' appeare~d 1.0 he no
reason basedi onl engineering mechanics .to cause cylinders with .I)M of
*l ito fail at1 lower pressurles thanl those at . say, I, /Dl of S. It isk %v-

lit-ved that some problem~ related to specimein fabricaltion test,-, was
responsib~le for lithe low strengths . The auithor0 personally participated
inl thle fabrication and testing of some of the speCimenvis under ceonsid-
era!I ionl . lie, discussed this topic with others- involved inl thet test pro-
gram . and ino procedure was, singled out as.% suispi~ciouls. One 1)t'oce kil e
that1 was distinctly different for specimens oif L~/l (if *l and 8 from
ithat of thet shoriter SPeciimens rlelated to the interio:l mold. The inter-
im. miold W.I. made inl segments having a1 length of 1 ./l)0 21. C'ylinders.
longer. than I ./I)o of '2 usedl multiple seplmen t s. During11 mold removal
operat ions it WaIs qui1te difficult ito disassemble thet multiple segmlents to
extract thet interior mold. Ift'vi was done to thle specimens. during
*1his ope,':v'ionI i t Was not i'vcogfliz.ed at the time.



AU tih'g1h tile- cylindlers wer-e fabict-tated inl rigid steel mt'hids (Ilef

2' ici tnddi wegnu-it'ns spjrang slightlyv aftrt~ thet firs't disas-sem1bly.

Aftvr N, ft'reneeo. _ and *I Wel~t' alrevady pubilished. a short cylinder

se.t*%n I lolusiIounitolI In a la1tin' to determ11ine. out-of-rontilude's more

aicuratl'lv than had been done p)rev it'lsly IV he inside and ouitside,

raditus andt tilt- wall thicknes-s v~ariedl by ± 1/32 inch (I-( .6 m) . The

out of- ounnessparmecter's are. sumn11a rized in ITabl 1.
Substituting Equation 2 into l'lluat ion I and using R D 1)!/2 gives

t he expression to ptredtict iMploIs ioLn 11ressure't for- th ick- wall Ied cv I tn tic rs:

P 2 2 k C' (Il I(3
tilt c v 0t

whe re k =1.5-0. 12 ('1./l) for UP/I 2

k 1t for b/IPŽ

Equation 3- is shown in Figure 2

which can he used as. at design 0 ix

c-hart

A miore general design ch'art, v '

approach is shown in Figutre s.3

The e'lart is entered with a evlin- -

dler 1./I) and i/I) to obtain the

im. f. ratio. -The imlploc-sion pl'e5's U

SUIT' V.an t hen bie calculated by

;l$m1Ifiil :1 cotic rett etcompre's.s we V

The effect of different types

r4 endi-vtosurc. tin t he implosion U1  '0 0

t*1.it irnt, Was judged ito bet small Walickhwktg, thit'idg ihsnic, t 11t. ~

H ef JsotI I S1 P3IIIW ~iatIVet* was not 1'cuwll RI4Atuihtp11 %I! I 0111tttmt Nit~

Itlethtlih' In the design equt 111ionl . .ldc
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Thin-Walled Cylinders "Talc I. O•u.nf-Roundncss l'ara"nicrs for
16-Inch OD Cylinders (ROf 2,4)

Thin-walled cylinders are t/Do Almin/t Alti/t ARo/l

divided into two categories: moder- __

ately long cylinders and long cylin- (Uoy 0.12 0.12 0.32
0.0611 0.06 0.06 0.06

ders. Moderately long cylinders 3o 0.03 0.03 0.030.|1 3c 0.o)3 (W.3 0 (.03

are influenced by end-closures 0.02 0.02 0.02

which restrain the cylinder from -.....

instability failure. Long cylinders rd hin-walled cyli-ndr.

-are not influenced by end-closures c1Boderbcylinder.

and behave as infinitely long cylin- crhtick-wallcd clinder.

ders. In Reference 8, thin-walled

cylinders included another category called short cylinders, but in this

report the thick-walled cylinder category encompasses short cylinders

(Figure 3).

The same approach used in Reference 8 is used herein. Donnell's

equation is applied to moderately long cylinders and Bresse's equation

to long cylinders. An empirical plasticity reduction factor, . is used

in both equations to account for inelastic behavior of concrete and

specimen out-of-roundness. The new data permit an q relationship to

a. /f' to be determined with far greater accuracy than previously.im c
Empirical q values were determined by calculating the elastic stress

at buckling and dividing this stress into the experimental stress at

implosion.

The elastic buckling stresses were calculated as follows:

Donnell 's Equation

0.855 E.iW3 (47)R
= (- 2Y' 3/ 4 R L4

9
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and

Bresse's Equation

(ci = E. (5

(°im)B 4(1 - 2) (R

Using v 0.20 and the approximation R =Do/2, Donnell's equation

becomes

1 5u,1.25 E n.
(Oim)D L/D (7)

I.

and Bresse's Equation

I 2
(Ci)B = 1.04 Ei ri(ton, (8)

The elastic condition exists when q 1.

E. was not measured for each specimen so an empirical relationship

was developed to calculate its value. Figure 4 shows the experimental

initial elastic moduli data as a function of compressive strength. The

American Concrete Institute (ACI) expression for elastic moduli is

shown for comparison along with the empirical expression:

E. = 530 V (9)
I C

I 0



The emlpirical eXJI:czs10fll has tile rat ion i asl of beiuig dt-rivedt fronm

thet pat'utbolic rc'Iatioii~lip for tltiignt moKfl10 as follows,

where F = tangentt modul1us

t:I = 1nllimat~e str~aiu (experimrutnlO average want 0.0025)

and the fit~ted condition of o r.5 xviwen E., i.,

AC

t~A0

'00
a0

0 0--

-igm 40 ReImihi betevt

AA I I ..' .
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Values of rq are shown in Table 2. Table 3 shows the calculation

of q1 values for the data from Reference 4,* All the data are s"hown in

Figures 5 through 7. The fitted inelastic buckling curves of Figures 5

and 6 were transferred to Figure 8. From this representation of data.

a design il curve was selected, which is applicable to both moderately

long and long cylinders. The il expression is:

i im

1 65 =1.25 f/ 0.52 < < (

Gerard developed expressions to predict n for metallic structures

(Ref 11). and these expressions. which can be applied to concrete, are

shown graphically in Figure 9. The q curve from Reference 8 is also

shown. Its empirical shape was defined by limited data where several

specimens had low implosion pressures which are'not in agreement with

that of the new data. The new design q curve has a maximum increase

of 35% over that of Reference 8. (For a structure of given geometry.

comparative q values are obtained by a linear curve intersecting the

origin and the n curves.)

*The values will be different than those given in Reference 8 because
an assumption has been changed. Previously, the 16-inch OD speci-
mens with hemisphere end-closures were assumed to be simply sup-
ported cylinders. This assumption was made at the time because the
analysis of results would be conservative. Data were limited so con-
servatism was warranted. In this report. the 16-inch OD specimens.
whico had an L/D = 4. were assumed to be freely supported or. in
othe: wrd-, long Rylinders.
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Namicit Intedct Facor for Na~ .11 ochp0i~~ 01)r~i Specaitlsk e '
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DO 1)a 54 in. (1372 ram)

""c t : L- 127 hi (3225 mm)

.g m-", incirfitiu

mateial ailre smpt Support End Condition
hmickln whn i, , fc SAM00{ psi (5 5 X1l1a)

- bucklingn

(Atttcn curve)

0 0.02 0.04 0.06 0.08 0.10
ID)

FiM"re 5. Implosion of moderately long cylinder specimens with Do= 54 in. (1372 ram).

I I

Free End Condition

1.0 0 umterial failurc r800 Pi MIN)

when vi -=

elastiatic

o0.5 buckling
0 (fitted curve)

i ) I I

1) 0.02 0.04 0.016 0.08 0.10

Figure 6. Implosion of long cylinder specimens with 1) -- 54 in. (0 372 mm).
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Moderately L,_ng C.,ld.s The exprssi, to predit implosien

pressure for moderately long cylinders ate developed as follows.

1.quations 9 and 10 are substituted into Equation 7 to yield:

*.fI
. I.~1090 (-

0,0f'c 1. + 830/ )•""5" '

06 0)

The s res.s level at mplosion, ,,_mf:€ is calculated by knowing the

geometry of the cylinder structure. The following conditions dtermine "i-

the next step:

(I) If o. /f' > 1.0, thick-wall analysis is used to predict 1
implosion, Equation 3

(b) If 0.52 <o. f' < 1.0. then iq is calculated by Equa-
Im clion 10 i

(c) If (T /f'c < 0.52, then nr= 1.0

If steps (b) or (C) control, the following expression. which was

developed by substituting EquFalions 7 and 9 inlo E~quation 1, predicts

tie implosion pressurv.

1320 ol f' '-
c 1)

1. I/I)U

A desig'n chart at)proach is griven in Figutir 3. F.nt. r the kli h.1"-
with the strI'uturIui''s I, I aid It/1) ratio to deterlnine tilth I' ' ratio.

0 0 11W1 %"
The struli't'u rt- is assumed to have a simple-sul)lport end condition.

18
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For the case of fixed-support end condition. it has been shoun

analytically (Re, 12) that an increase in implosion strength on the order

of tit can be expected. The implosion pressure can be calculated for

"this case by using the equations presented herein and a reduc-¶d cylin- I
de'r length of 0.851L.

Long Cylinders. The expressions to predict implosion pressure for

long cylinders were developed as follows.

Equations 9 and 10 are substituted into Equation S to yield:

910k _ 03

I + 690

Once the stress level at implosion is calculated, the. same condi- i
tions as f-Ir moderately long cylinders hold; that 6•.

(a) If o. C/f > 1.0, thick-wall analysis is used to predicttn c
implosion, Equation 3

(b) If 0.52 s• O /f' < 1.0, then q1 is ,alculate.d by Equa-

lion 10

(c) If o. /f' < 0.52. then q 1 .0

If steps (b) or (c) control, the following expression. which was

developed by substituting Equations 8 an( 9 into Equation 1. predicts

the implosion pressure:

F 1100 ' j ( .14)

I 19
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"*1

A design char! approach is given in Figure 3. 'ntIr the char't

with tht. structurt.'s I.fl)° and tlD ratito to d ,etermine the P. /f' ratio.

zF actor or'f* Safvev

Overall Factor of..safetY. Up to this stage., the implosion pressure

calculated by lEquations 3, 121, and IH (or from the design chart of Fig-

urt 3) is a shor-t-te'rm strength without any factors of safety incorp)cr

aited. Different codes of practice have different approaches to assign-

ing factors of saftvy . Without discussing the various methods, it canl

lit, stat'd that itht overall fa;to,•s of safety for concrete Ct.MnTprvtion

member's range between 2.1b and 3.0.

This report 'te-oitmends the same range. A structure whose

intended purpose is to store liquid mAterial might be designed with a

"2. I'factor of safetl;; whera's, a strumllt, for human occupancy Should

have a :.,.o factor of safety as a minimum.

The desigi approach in Referenet, 8 included a long--tcrm loading

,I T ,•r, .k Codes of practice typi.-aly recognize the long-term loading

tft't-ct in the overall factor of safety without itemizing the effect. This

report follows that practice. Results have recently been published on

coneretlt spheres subjected to lonlg-term hydrostatic loading (Ref 13)

that have shown behavior similar to the known behavior of eonlz'el' in

on --laind compression memt%'r;, This retpresents b0orne ;assurance that

following existing tun-land practice is appropriate for in-ocean concrete.

(_':-,_ ot•'Ct Comprvssivt:.S Irenig th. The bnplosion pre ssiuc r is directly

related to the compressive strenl-th of concrete. f', at thi' time of

failure. F'rom available data (Retf ' 13) it appeal's that the st rt'nglIII

development of contTrete in the ocean i.-, differenlt than Ihat of hthe

, .1 tandar'd or"g' C I't ('Oil d it ion.

iTht. I't5.uit,, from Reft'lent'l v 13 a1t' s.tlmm1arizett herein .

I
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If saturation of concrete is assumed to c'cuI, then the following

interim guide can be used for strength gain with age. The initial

28-day fog-cured strength should be reduced by 10% to account for

saturation effects. Subsequent increasesi of in-situ -strength with time

may depend on the depth at which the concrete is located. Depth is

important because it car influence the degree of saturation. At pre-

sent, data are available at depths of a few thousand feet. In such

eases. the strength increase relative to the 28-day fog-cured strength

appears to be nil at 1 year. 5% at 2 yvars. and 15% at 5 years These,

values of strength-increase-with-age arc different from those generally

aceepted (Ref 14) for on-land concrete of 20%, at 6 months and 2,,- at 12

months

For cases where the concrete is at a depth of a few hundred feet.

it is hhird to estimate the strength gain behavior. First, it is unknown

hew much of the wall thickness will become saturated. It could take

months for several feet of thickniess to become saturated, If the inter-

ior of the structure were to be at a rel-itive humidity of less than 100%.

the concrete would never becomet- :salurat•d. However, some of the

concrete wouid be saturated near the outside wall. and that portion

would exhibit a strength different from that not saturated. For the

saturated conc-rete the compressive strength should he reduced by 10%

to account for saturation effects; then it is probablv reasonable to

permit a strength increase relative to the 28-day fog-cnrted strength of

nil at 6 months and 51 at 12 months.

Effect of Reemforcement. The experimental specimens were unrcin-

forced concrete, whereas any full-s-ah, structure wouid be reinforced

concrete. The reinforcement certainly contributes to stiffening of the

wall during bending caused by out-of' roundness. However. under

ultimate conditions the contribution of the reinforcement is not easily

assessed-.
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j~'ttit, h *i~talled FoTr conimpl~esiol rIeIt'iber's tilt, t'frt'ct of reinfor'ce-
mlerit is" Irijt'd t o triht'vkt to tht. t iti ale CRIacitv of the memberats 1011g as t he rvillfwV0,111VII is C jed againlst laterl- mob ent'nlvt as in aCounIf the jomresio rctinforvelicenit is not tied . hen the member

is de'signed as U1111.5kiiforzeetl COUCrt'tt.

Outof-oun e-i. The design 4chart inl Figure 3 is based onOfitiuical data arind therterore, Conltain s anj jflhczen OlI O1t-orounldness.allowance . This allowanct. for Ilhivk-w~alled (.0lkiners is givenl inl Table
I Tlhe thin-%valled cy'linde~r test specimens wert studied in der~ail for

oMt -of- rounrfdjless adft Tabtle t B-2 ill Appen di.\ It (pig SfI) presents adigest o1' their ' ot ilrunnes A stxutivitie having geonjetr en' ber-Iancv,s eq~ual to kit less thuan the test speoitnens will be dae sineUsingi 1'igur J' .. ('01 Ivil I ional conls I r'uct ion prac icets shoulId '-flollI1101'ffew probliemls ill matcThing tilt, geomatrit, toleranices oaf the I esl bpetd-

It Is c'veolume'l idt'ti !h.1' ".11" i zu~t is si:'ed-oir? by Figurie 3 1anld meets its o'ther tiesign at~ritmnI detailed finlite ellt'I nwn aial -
yssbconduceld, I'le ;ra iav-s is should assumel a rca lislt i'03 o-", i

arOIIII'' d modelC- 111 ir~t'aas rc behavior' or otirwretv mat erials .{

SITIN

aon1ipared to (e tic idt's prest'5t!1ted hi H t'fYlreCe' S. The de'Signl i111pr"I'oal'
for thiok- 'vaIled & ~indIers ivats maide comarzile It- that 1r; ot. ~' th ilRaedsphvee.. bv till' Mlg an a aga' wall stIress etplat ionl %ith all emlpirical

s ng't h factor. k,, Ti ill -a lit-d cv linldvs used tilte S;'rn'1 ls gra~pproalch a., described ill Ht'frere'ce 8S lIot'Vvi'. 1)(11 (I~peimeni lit 
Irvs li ts from 1:1 ~e l;a ilvvl l.I*ra~-.sca Ic SIeCImIIII e rs)lrlif ic 'd a1101%' ;tca'tIratv ee tlclopme 1') of :11' eru1pi ricat plaslIiit'V Iv rdilkct jon fact
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The effect of test specimen out-of-roundness is included in the

empirically derived portions of the guides so use of the guides implicitly

assumes out-of-roundness of similar magnitude for the new structure.

This is a safe assumption because out-of-roundness criteria as given in

Table I and Table R-2 are lenient for large structures (in other words,

large structures should have better geometry control than the test

specimens).

Figure 3 is a design chart to predict implosion for thick-'and

thin-walled concrete cylinder structures. A feature of the chart is its

simplicity. By knowing the t/Do and L/DU ratio of the structure, the

implosion strength in terms of P. /f' can be determined. Implosion
tin c

pressure, Pim, is calculated by assigning an r' to the concrete. A -"C
factor of safety is not included in the predicted implosion pressure. I

The design chart has application in sizing-out a structure for a

given depth. Advanced design techniques must be used to complete a

final design, but these techniques need to start from near-final dimen-

sions This report provides the design charts to quickly determine the -

near-final dimensions.

CONCLUSIONS

1. Failure of concrete cylindrical structures under hydroshitic

loading can be described Ly one of three equations: an average wall

stress equation applies to thick-wtlledh' cylinders; Dlnnell's equation to $

moderately long, thin-walled cylinders; and liressets equation 1o long

thin-walled cylinders. An empirical parameter was used in each equa-

lion to obtain agreement between the experimental results and theoreti-

cal expression. _ IS~I.

The finite element analysis method with a constitultve material j
model predicthd the implosion sitrength and structural ;IispIlacemint

.:t.
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Appendix A

THICK-WALLED CYLINDER TESTS

SPECIMEN DESCRIPTION

The SEACON I structure (Figures A-i arid A-2) was assembled
from three precast, reinforced concrete sections. The straight cylinder

section, 10.1-foot (3.08-m) OD by 10-foot (3.05-m) length by 9.5-inch

(241--mm) wall thickness, was fabricated by United Concrete Pipe Cor-

poration. The concrete hemisphere end-closures, 10. 1-foot (3.08-m) OD

by 9.5-inch (241-mm) wall thickness, were fabricated in-house. Toler-

ances on the sections conformed to concrete pipe standards: ID not to

exceed ±0.75 in. (19 mm) or wall thickness not to exceed -0.5 in. (13

mm).

Steel reinforcement of 0.70% by area was used in both the hoop

and axial direction. Reinforcing bars of 0.50 inch (15 mm) diameter
were employed throughout the structure. A double circular reinforce-

ment cage was fabricated for each precast section; the concrete cover

on the outside and inside reinforcing cage was 1 inch (25 mM). For

the cylinder section, hoop rebars had a center-to-center spacing of 6
inches, and axial rebars had a spacing of 27.25 inches (692 mm) and

31.25 inches (794 mm) for the inside and outside cages, respectively.

The hemispherical end-closures were bonded to the cylinder scction
with an epoxy adhesive; no other attachment besides the epoxy bond

was employed. The gap between the mating surfaces of the hemisphere

and the cvlinder was less than 0.13 in. (3 mm) for 75% of the contact
area. Prior to epoxy bonding, the concrete surfaces were sandblasted

and washed with acetone.

29 . .. .. .- •. ..... , *
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A large hutll penet rat ion . major diameter' of 50.25 in . (I 2Tt Mil)

anud minor diamieter' of 42.4 in . (1075 min), wits lovated at the aplex of

each hemisphere. Tlhis penetratrion size wns equivalent to 4M of the

he~misphere, diameter. The design philosophy for the penet rmtor wits to

make it stiffer than the concrete material it replaced --.o that the hemi-

* sphere was "unpware" of the large hole. The steel penet rator was

epoxy-bonded ito the concrete, using the surface preparation method

* de-scribed for the joint.

D~uring tilt tO-mlonth seafloor. construction experiment, all acrylic

* window assembhly was used in one penetrator andi a hatch assembly ill

thet other penet rator'. The window and hatch were subsequently

2'eplacedl with steelJ plates for the Wiploshio test.

Si. pencetrat ions. major diameter of 6 inchies (152 mmt) and minor

diametevr (if 5 inches (127 imm). were inMWde in onv of Ill. hemi-

spheres: theste pence rations were part of a seal and gasket stutdy,.
nto smaller penetrations. majo rdiameter of 4.5 inelhes (114 mml)

and mninor diameter of 4.(1. inches (I 102 imm), were also included neat' t he

center. of thev cylinder' sect ionl to comdaepressure relief valv'es.

For the implosion test . breI'e of tilt, small hemilisphere penet rl ors

were modified for elec'l-t nal feed-11h rolighs; and pressure ports . The two

cylinder' penletrations wevre sealed.

Additional i i'-r-vg kila ritI itv's inill( th voncrelte Wall included five feed-

Illht'ogh boxes for strainl Kages mlount cii onl reillt'or'.ing bar's. Tlhest.

boxem Weti' loated on Ithe hinteor' wall andi niasui'ed 2.5 inches- 0t4

mmt)- dvep by 4 inches k](12 mm !) ill dialiviit ti. Inl t iet'm a reas thle local

wvall thic kness was redutce~d Io 7 inehes (178 mm).

Prior it) lthe imp los ion test. fifteen 3. 25-in . (83-mm)11 diamleter. vores

were drilled from thle wvall at1 variiolls kica iOnIS a3 r0ound the c'ylinti'r.

S I eel pIlugs werve cpoxited inl thet core holes.

Duhring ori'ginal asscihlb' . tile ext t'io: of' thet O(I.'ncrt't strp'ut Ure

Was cotmed wVith a1 phenlolic. wa1tvi'rprooitin ~;)"st0m1. At'ttr lightly sand1-

bLudaIii g. ilt,'41 ('riucIt'.te a1 prlimt'l :n1d I Op~oa I (Pli'henolin, lio). :,00O) were.



sprayed onto the concrete. Many air pockets were not coated; approxi-

mately one pinhole per 2 in.2 (1300 mm2 ) existed in the final water-

proofing coating.

The concrete structure was instrumented with a total of 40 electri-

cat resistance strain gages to monitor hull response under long-term

loading. Half of the gages were placed diametrically opposed to each
"other on the structure. The data were stored on magnetic tape inside

the struicture and were recovered when the structure was retrieved

after 10 months.

The concrete material for the cylinder portion of the structure

consisted of portland cement type II. sand, and coarse aggregate in the

proportions of 1.0:1.4:2.5 by weight, respectively. The water-to-

cement. ratio was 0.40 by weight, and a water-reducing admixture was

used; the slump was 1.25 inch (32a mm). The average compressive

strength at 28 days of the 6-inch (152-mm) diameter by 12-inch -

(305-mm) long control cylinders was 7.800 psi (5.3.8 MPa).

NMix designs of different proportions were, used fort the hemti-

spheres: cement-to-sand-to-coarse-aggregate ratio of E.0:1.95:2.3 by

weight: water-to-cement ratio of 0.31. by weight; anti a water-reducing

admixture. Slump was again 1.25 inch (32 mm). The average eompres-

sive strength at 28 days was 8,170 psi (56.3 MI'a).

Of the 15 cart's taken from the cylinder wall just prior to the

implosion test, 7 were subsequently cut into 3.25-in. (83-mn) diameter

by 6-in. (152-mam) long cylinders, which were tested under uniaxial

compression. Compressive strengths of the cores and from a numbet-wr of

fix12-inch (152x305-mm) control cylinders at various ages are presented

in Table A-I.

Three of the core specimens were instrumented with strain gages

to obtain stress-strain data for the concrete. Curves of this relation-

* ship up to abouut 904, of (he compressive strength are shown ill Figure
A-3. The secant modulus of elasticity to about 4(W of P was .1. Axl(

psi (304..) 31a). and Poissont s ratio was 0.20.

32 Z
I
IS. . ... . .
*



lable A-I. Summary of (:oncrcte Compressive Strengths for the Scacon Structure

Slux.-(mlctn,S :\nAge of Curmpre:sIvN

C,,,icrctc Strengthsize Number Curing (days) (psi)T. 1)p e (in.) Cunditions'

cast 6x 12 6 ticld 28 7,800

cast 6x 12 2 fog 96 7,070
cast 6x 12 2 ficld 96 8,550

cast 6x 12 3 fog 294 9,190
cast 6x 12 1 field 294 9,710

cast 6 x 12 6 fog 608 8,710
cast 6x 12 3 fog and oceanb 60R 8,620
cast 6x 12 3 field and oceanc 608 8,370

cure 3.25 x 6 part of structure'1  2.128 10.470

aCuring of all clindcrs I'M the first 28 days was 2 days steam. 7 days water tank.

and 19 days field.
b..ftcr first 28 days, curing was 270 days fog room anti 302 days on scaflour at

600 feet.

cAfter first 28 days. curing was 270 days field and 302 days on seafloor at 600

Struct'urc %%as field-etured on land for 298 days, on the scatloor for 302 days, and
then field-cured on land for 1.528 days.

As shown in Figure A-1, the concrete cylinder structure was

mounted in a steel framework and fitted with a ballast tank. The in-air

weight of the cylinder was 85,000 pounds (38.5 Mg), and the concrete-

steel structure weighed 102,000 pounds (46.3 Mg). The poeitive buoy-

ancy of the concrete hull was 12,000 pounds (5.4 Mg), and when bal-

lasted the concrete-steel structure weighed 6,800 pounds (3.1 Mg)

negative in water.
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TFST RESU LTS-

Lonl__!-Term "ri est a.t 600 Feet

Strain Behavi6r. The initial strain response of the structure oil

being lowered .to 600 feet (180 m.) showed an average -ttrain of 380

pin./in. in the hoop direction and 1740 pin./in. in the axial direction -

C-77S

(Ref 9). From previous work (Hers 2, 3 and 4', it was anticipated4

that this low level of loading should not have produced any deteetalie

sitrain variation along the length of the e'ylinder sw.,lion due to the

discontinuity of the. cylinderlend-closure joint. The actual strafins

s•howed this to he true.
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The concrete was under sustained stress of 1,700 psi in the hoop

direction and 920 psi in the axial direction for 302 days. The average

total creep strain in the hoop and axial direction was 130 and 80

pin./in., respectively; these values represent a 34% and 47o increase,

respectively, over the short-term strain (not unusual for concrete).

The data gave no indication that the creep strain was nearing termina-

tion.

The large penetration had little effect on the behavior of the

hemisphere. Again, the low stress level in the concrete might not have

been sufficient to produce a noticeable strain rise at the penetration.

In any event. it was significant that the penetrator, equivalent to 40%

of the structure's diameter, did not produce a harmful effect on the

structure.

Watertightness. Upon retrieval of the cylinder from 1he 600-foot

(180-meter) depth after 10 months, the interior of the structure was4

free from water that permeated the concrete walls. There was no

evidence of condensation, or even dampness. on the interior: concrete

walls.*

Results from long-term loading of corncrete spheres in the ocean

(Ref 13) confirm this finding of watCrt;ght•b. '11,,, 36-inch (1076-mam)

OD spheres had a wall thickness of 4.12 inches (105 mm) and were J

located at depths that ranged from 2,000 to 5,000 feet (600 to 1500C

meters). Some of the sphere exteriors were coated identical to -the

SEACON struct:.re and showed no water on the interior after 6 years in

the ocean.

Implosion Test

Depth at Implosion. The depth of implosion for the structure was

4,700 feet (1430 m),

*Three quarts of water were found inside the structure due to a leak
in a check valve in one of the small penetrators under investigation.
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The means of determining the depth of implosion was not as

straightfortard as originally pi;:ned. Pressure transducers were

installed on the hull. but these were inoperative at the time of implo-

sion. During launcuing of the structure, which was off the stern of an

offshore work vessel, a small hull penetration became damaged and

resulted in a leak of about 25 gallons (95 liters) of seawater per min-

lite. The weight of the structure increased until a safety link in the

lowering line parted, which occurred at a depth of 2,900 feet ,88.t

meters), as recorded by the pressure transducers. From this depth

on. the structure free-fell through the water column until implosion

occurred.

Data from acoustic depth-recording instrumentation were eontinu-

ously being recorded on tape during this sequence of events. The

noise generated by the implosion of the structure was also recc.,rded.

This signal had a rather long duration and showed that implosior could

have occurred at a depth between 4,500 feet (1370 meters) and 4,700

feet (1430 meters). Seafloor depth was 4,7no feet (1430 meters).

It was known fruuts data on tape that the time between the start ,-f

free-fall and implosion was 160 seconds. By analytically bracketing the

free-fall velocity of the structure between 11.2 ft/sec 03.4 nit/see) htam]

12.5 fttsec (3.8 m/sec). it wias calculated :hat the structure free-fell

between 1,790 feet (546 meters) and 2.000 feet (61O metUrs). Adding

these numbers to 2,900 feet (884 meters) gave the total depth range as

4,690 feet (1430 meters) to 4,900 feet (149-1 meters). Hence, it was

apparent that the structure hit the seafloot at a depth of 4.700 feet

(1430 meters) before imploding.

A manned submersible inspection by the Navy's Sea Cliff was

conducted in 1978 to determine whether the structure imploded after

impacting the seaflcor. The tight grouping of fragments confirmed that

the structure hit the seafloor first. If Ilte structure had imploded

during free-fall descent. the frag'ments would have been scattered.

The inspection also confirmed that the cylinder section imploded rather

/I
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than that one of the hemispheres or a penetrator failed. Tlhe c'ylinder

sevtion was heavily fragmented while the hvimispheie! ' were rtalher

ret'ogfnizat)le.

There were no means of estimating whether the structure imploded

immediately upon hitting" the bottom o,.r remained on the bottom for a

tirot' before imploding. In any event, 4.700 feet (1430 meters) is a L
conservative! (or minimum) implosion depth.

It should be mentioned that the structure was instrumented for

strain readings during the implosion test. The damaged pent-trator.

however. was also the elect'rical feed-through for strain-gage wires:

therefore strain readings were not recorded during the test

D)iscussion of I.lnnjcsion. Str1e gL'. The effect o• hull stress rate, !.

due to free-fall velocily, was not considered a significant parameter oi

implosion strength when compared to previousl., tested cylinder models.

For a free-fall velocity of 11.2 ft/sec (3.4 'n/sec). the hoop stresses in

the hull increased at a rate of 1 .900 psi/min (13. 1 Mla/min). Previous

cylinder models with geometry equivalent to that of the SEACON ',truc-

ture had hoop stress •rale aboul 70th) psi/mm (9.8 TPamn~i). This

difference in stress rate would have an insignificant effect on implosion
strength.

PsreSnt'e buildup inside the structure was minimal during The

entire test. At the 2,900-foot (S80-meter) depth il was known that

13,00|0 poutnds (5.9 Mg) of seaw:iter leaked to the interior. This filled

about one-quarter of tht! interior volume. By the timae implosion

occurred, the interior pressure would not h1-ave exceeded 5 psi (34 KI1)

over atmospheric. The exterior" preTsure at implosion was 2.1001 psi

(1..5 MPa).

The implosioA strength of the SEACO)N hull was

iP 2,100 psi.. ...... ..ff = 0. 200
f 10,407 psi
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The cominressive strength. Qe was obtained from 3.25x6--inch (83x152-
mm) core specimens. The strength of the cores was assumed equal to

thmt of fixl2-inich ( 152x305-n) ctast specimens. The smallh-' size of the

core specimens would cause a higher strength relative to 6x12-inch

cylinders; however, this strength increase would be offset by the effect

of drilling which causes a strength decrease.

With the use of the average wall stress approach as expressed in

Elquation 3, thu material strength factor was calculated as:

i:
(1). / ' )

lm ~ 0 c0200k - 4 .L!L..= 1.+27
e crt/D)) 2(9.5/121) .

0

"iThi.- faictor is shlown inl Figur'e I for the, SI'A(.'(ON hull which haid .1l1

"The effect of steel reinforet-inent oie lw lit ijilosionl si-reagth of tliht
sI 'u-ttore coudh ilot hie, determinild from Ihis testl. If the reinforcement

wits ,+onsidiered ,lfeetiv:, then thiet total wall I khiekess from tiransforned

se-ctions would be 10.07 inchtes, Thits r'i•jtt'tt11,.l s anil ilitwrast of (u,0: over

Ithal of tih(e actul. wall thickness, which should caitst' ;In eililiwlent I

in-rl's;v, in Ithe lintl)'osion pressuret. This single test cold not dieit- I;
mine such ai Small liicent age+d! 4lif'ference in sltrength. i1

'i

F INl)IND;S -

h. Tilt p implosion depth for the SEACON Atut-t -urt was 4,700 ft. ,

1:130l ems). ('ore% spect-imens 3.2:; intlhe,- (83 min;) in diallmtelrl by f I

inches (152 i.ii) long i aken front thi hlil gaeit ith unlia•xial o'llinpressike

st-, titltl of 101,470 pi)i (72.2 Ml11);

*i

2. W.:, Idie •ISe of ithe averag wall smess eq(1, t ltilul, lilth mlalteriaul

stlreng•lh fta'l;, k w;.,. wa .27; ith w;ll at l is alllosiilt wtvas, 13.300) 1;4 '1

psi. C
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Appendix 11

THIlN -WAI.l .F.1 CYL.INDlER TE.STS

A total of 15 uni'vjnfored ioicietc cyvilidel ('I' i'inuen; %Vere( lo'.t ed

u~niter hyvd iostat ii lo'diig. The dilinen sioni of oth .i pm. till,'It. Were a.

coniJlIatit oni sidc £liameet ii, 1) (if !),I tioc'hes ( 37,2 11111) overall Ivlenti I of -

i.I, indles (34100 1111), and will then' 1' , of 1.31, 1 .97, or 3.39

inchim. (33, 0,0 -r FIC umni. Tin, l-liikn,~ 1oo Me luh '

1/1) 1. slio 0 (t v~ri. 024, 0.0(37 . anud 0).0613. re1'('-.l~'ivelyb. Two (fit fereut

I pi'pe of blmduiuary' cond(it ions- were tised: a .i~lllyllNI -. )1ii i'rd and ;I

free. eind -voidit ionfl. Twelve of th11n cie. wcre t ested Iluuider shoi'I

I'vi-m hy dr"st at ic loading where 111 hejressurt.e Was i1or easedl 1u1i l implo-

U s ion. (lth, remvi in ing* t Ii re ?;lcivoities Weire:~ I I tto long - ter ,Illla 144-

SM1t rui ura I behavi(r W;a!. r'ecordd byInv mas, ingiii r-allal ia -

uuc'ivils ariomidii I lii I'mirt ie 'irctili1ferenuc ofI11A I h'SAwIind l *Wall : 1 varioun

Iv,', froi ll Wich ithe followinly (1:1.it a ouid it I 1' del enleuii

(a') lnitial di'viaitoiu. fri'tl oirmnIirait

(h) Wihat~l utu lateunviuI t2 isitw 1 itiitiii .el ihol. andl

Iieuiiii39
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(c) Location of the worst flat-spot and determination of

maximum radial di.,placement

(d) The number of buckle lobes at implosion

Attempts were made to obtain strain data but difficulties were

encountered in applying gages to wet concrete.

Inspection of failed specimens and fragments of concrete from the

failure zones yielded data on the deflected shape of the structure and

size of the failure hole.

A detailed presentation of specimen geometry and test rt ults is

given in Reference 16. This report summarizes portions of those data. :,

SPECIMEN FABRICATION '

The specimens were cast monolithically in steel molds. The same

outer mold was used for all spechiens, but different inner molds were

used to change the wall thickness. The inner molds were built to fold

inward so that the diameter beeame smaller for removal from inside of

the concrete cylinder. The itnter anti Outer moids wet'r spaced otn the

bottom by a ring and ont the top by a spreader bar.

Concrete was placed in the molds by frce falling from a doime

distribution plate. When the rorm was vibrated, the :o(relrth' flowed to

the edges of the dome and fell into the mold. By thit. technique, the

concrete was evenly distributed around the eirwtumference.

Approxuiately 20 hours, after caltinig, the mold was re1moved from

the concrete (Figure li-i). All specimens were wrapped ill Wt hurlap

and then in polyethylene film. They were subsequently moved toh a

sheltered slorae alrea where a water drip systerm kept. lhv h.urlap w-t.

.I0
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Th~e :'Iet'imeili'. wort, Illosiul -cd II'I th1 is~. 111:11114.1 uIl Iii wowilbed1t for

test. D)uring :I;smbfily ( Figrure 1' -2) a4 lent of poly4'thy vi(le111111t was:

%I.,Vd Io ll;uiltaiiIi hi1jIi rel.1ut iVC huniidity v (i~ilviroCmot aromiid I he specd-

Iluvn to. miliniuuie. shrilkaigv cra';cking. Keeping Ih hc y inlder illn l I ho istit

Tiltr iiuuiP4i I :u lI itti I li e a '. speciiiict for Ivhst I he Cigmlet B-3) ii

Ily placjing Ille vy lintitd t' ni e littumoni end -oozain.s , wi)iivWi, . ;! al u I
sit- (''I jlal e Thle lo O c (11(-viIosur t. 1V1 . a sivo t'C'1 .Ii * 1114' oi sIa nd I 111 141su1

pre'tss I 1v ooncvrele 1) y 210 psi (0i.1'4 NMl'.0 whlll I he ~tu' iew* ~~'

Inel-rp~ed inl want er in lilt- pvt'stt r' v'es~.-ol
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Frot thle simply supplorteId end-conditioti (Figure 11-4) epoxy adlhe-

sive was p)laced between the concrete antd steloI ends to correet for

unevenness at. the mating faces. L~ater, steel stiffeners were placed1 in

Itle interior at the top) and bottom, and expansive-cemient grout wits

parked between the stiffeners and the concrete wall. For the freeV

support end-condition (Figure B-4), a 1/8-in. (3-mmn) neoprene rubber'

gasket was placed between the steel and concrete. A thin layer. of

epoxy adhesive or quick-setting gypsum was used between the concrete

*and the neoprene gasket.
When the specimen wits assembled to thev stage where t he oventerl

shaft wits centered at thc top) andI hot torn, radiuis inleasurenient s were*(

-*taken using the following procedure. An arm off the( center shaft had
a seribe marker wfouttiiCd to it . A fixed position table wits place-d

beneath the arm, so when tne center shaft wats rotated, a1 circle wats

scribed on the table. The radlius of this circle. ir' was mevasiured after

the table was remnoved from the specimen . At the circumlference's of* 0.

90, 180, and 270 degrees, the distance front the scribe, to the wall, r".
was ineasured using a steel rule accurate to 0.01 -inch I(ly).j~~

adding r' and r"., the inside radlius of the specimien wats obt aincd at the(

Circumiference locations . D~eviat ions, it) radius around i(l thle ircumferencee

Were obtained fronm deflectomeiter dat a, so b~y using thie defliectomoctr

data and tile measu red radius dat'l a average radiuls Valuecs for the

specimensl Swere (determined.

In)Strumnientat ion

Inst rumen tat ion (if the speciam('ns. ('onsist ed of mlontinfiig a1 deflec-

toietier svst ('11 to mevasure radtcial dtispklt'ifli'ft s, applying St rainl ~Iraes

(to some speciniens). installing a televisionl Camera. and installing a1

high -speed 11titot i paitl ure camler~a. ''heSv SSI 'tems; arc% de..'eribed betlow.

lteficLt-owet em'. TPhe nmeasurling detvice (if the delLtoy rsv seill

was atp t e oe i ( lin('ar posit ion tranlsducer) wh iet had ;I ma 1i.W11m mu

dis platenien it of No.65 (il)in. (16.5 111111) and a mleasurementil accollV r01'vo
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t0.002 in. (0.05 mm). The potentiometers were mounted on arms that

extended from a center shaft. The center shaft was motor-driven at a

rate of one revolution per 90 seconds.

Radial displacement calibration was accomplished by mounting

Saluminum shims of 0.125-inch (3.18-mm) thickness on, the inside wall of

the cylinder so that the steel ball passed over the shims to record

* magnitude and direction of inward displacement. These calibration

marks also determined a 360-degree rotation.

"The deflectometer system was insensitive to the axial orientation or

lack of straightness of the center shaft. The top and bottom on the

center shaft were fixed in location, and the shaft was rotated. The

arms were fixed to the center shaft; and, in plan view, the end of each

arm scribed a perfect circle. The steel ball at the end of each arm

moved in and out to conform to the shape of the concrete cylinder.

This radial movement was recorded as changes from a perfect circle.

In reducing the analog: Jeflectometer data, an analog-to-digital

converter was used along with a timing system to control the number of

samples taken and the time interval between samples. Over 900 samples

of analog data were digitized for each 360-degree rotation. This

equates to a radial displacement data point every 0.17 inch (4.3 mm)

around the inside circumference of the cylinder.

Strain Gages. Strain gaging of the specimens proved to be diffi-
cult because the concrete was in a wet condition. Various approaches

for applying gages to wet concrete were tried, but none were success-

ful. The problem was in maintaining the bond throughout the entire

test.

The procedure for strain gaging is described as follows:

(1) Electrical-resistant strain gages (type FA-06-125,

three-element rosettes) were mounted either on brass

shim stock 0.002-inch (0.05 mm) thick or on steel shim
F
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stock 0.005-inch (0.13-mm) thick and waterproofed,

using standard procedures. These procedures used

normal preparation steps for applying gages to metal

and then were waterproofed using General Electric

Clear RTV 109. This waterproofing approach works

'successfully under hydrost-etic pressure loadings

equivalent to thousands of feet of head. A second

type of electrical resistant gage used was a self-

encapsulated, waterproof, weldable gage.

(2) The objective was to apply these waterproof gages to

the wet concrete surface with an adhesive of sufficient

bonding strength that strain in the parent material is

transferred through the epoxy adhesive, through the I
shim stock material, to the gage. To check the accu-

racy of these shim-stock mounted gages, a control test

was conducted en an aluminum tube loaded in uniaxial

compressicn. Seven pairs of gages were mounted on

the aluminum cylinder: each gage in a pair was diamet-

rically opposite the other gage. The test consisted of

three pair of single wire gages mounted with Eastman

9-10, two pair of -foil gages on brass shim stock

mounted with EPY-150, one paitr of foil gages on brasb

shim Mtock mounted with Eastman 9-10, and one pair of

foil gaoges on brass shim stock mounted with Ilysol EA F:

934. Eastman 9-10 is an excellent adhesive itt a dry

environment, so it was used in this test as a control.

The results showed that gages mounted on brass shim

stock registered accurate strains. The different glue

systems did not affect the resuhs.

(3) In the first method of mounting foil gages on brass

shim stock to the wet-concret' spec'imlens. an utirdt'Fi-

water curing adhesive developed at CEI, (litef 17) was

4i i6 "
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used. This method did not bond the shim stock to

concrete for the duration of the test. A second

method used epoxy adhesive Ilysol FA 934. which was

known to maintain a high bond strength when dry-

.concrete became wet (lef 18). Thi strain da•t still

indicated that the brass shim stock was not adhering

to the concrete at the higher pr.ssurv (or str:or)

Slevels. The third method used llysol adhesive :-'in,

but this t'nte extra attention was paid to roughening . -

the brass surfatec, deeply roughening tihe conelret e

surface (hv grinding with silicon carbide grit) and.

when applying the gage, embedding the edg, es of the

brass shbni stock in- a thick bead of epoxy around the

periphery. These additional steps also did not solve

tile prohlem. The fourth method was to try steel shimi
s;t.ock, instead of [;vast,;, and to use ht ' tilt po,'C',lui'S',

mentioned previously. At lthe sam e , ,tim eldable

gages were tried. None of these systems %':it suctess-

ful; atlempts :ut strain gaging were terminaltd ('t. The

deflectonieter data were excellent anid addit ional

potetitiometeors per test wer used.

1.
'l'elevision .'afl:rai. A vloseud-circuit t, levi:,ion anmera wa'as inst.all'kd

at the top of eac'h sPCe!.llVen. The video a.';)e sys1tA'nI rtcr,01lded imple-

sion. Although the framie-,s p(T see-tlid vlae did not periti dethileth

study of the failure z'.ne , tile cir'cuanfercl'tial ioleatioll of f:Iliht% 001ould

usually be definrd and ;ill iltlt rt'sling setueCe11.l of failltre , I'ws Ol'relod,

including the sound of implosion.

lligh-Speeod (:Inel A hig'h-si','d motion pitlpItr %imeri was:

inslalil'd at the" top 1of t(hie "'eelib'n. It was hoped thatl ;I fajlil te

Sl'q1lvle Cu old hle filmed Tllhe ca:1aT :peed was i|nilially -,('I a't 200

"f e:','1. 7hich , t, , , l, ",cnd ,' ",,.. ....... ' ". .

.I';



have been increased to 1,000 frames/see, if desired. However, after
several tests and no coverage of failure, the film speed was reduced to ¶ 4

o 100 frames/see to increase the film time to 80 seconds. The camera was

installed in eight specimens but failure coverage was not obtained in

any test. The techniques used to try to predict imminence of failure

are discussed in the Test Procedure section.

TEST PROCEDURE

The pressure vessel used in the tests had an inside diameter of 72

inches (1830 mm) and an operational pressure of 5,50c psi (37.9 MPa). -'

The pressure load was created by pumping additional water into the , :

vet,-..te,: and thereby compressing the fluid. Freshwater was used in the

tests.

The temperature of the water typically varied between 30 and 100C

for different tests- however, the temperature inside the specimens

typically varied between 101 and 130C. The higher temperature inside

the specimens was due to warmer room temperature and lights for the

television.

All specimens were placed in the pressure vessel on the evening

before testing anti allowed to soak in order that the degree of water

saturation of the concrete for the different specimens would be the

same. It was hoped that soaking overnight partially saturated the

concrete to equal levels.

The rate of pressure application was 10 psi/min (0.069 MPa/nmin)

between hold periods where data were recorded. Hold periods occurred

at 25 psi (0.172 MPa) increments and typically lasted ft.- 2.5 minutes.

From the beginning to the end of the test, the overall pressurization

rate was about 5 psi/min (0.034 MPa/min).

The television monitor was operated throughout the test. Its use

was invaluable in operating the defleetometer system, detec:ting leaks,

and recording implosion on videotape.
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Several specimens leaked during the test . Most of the leaks

occurred1 between the concre'tte ind steel cit-elosures, .However . some

of the specimnirs had criacks through Ehe wall and( %ater slWldy leaked
r ~through these, cracks until the pressure Woad exceeded approximately

200 psi ( 1 .4 MP,)- Leaks did not affect the test results.

For the long-term loading tests, a digital comparator was used to
control the operation of an auxiliary pressure pump and maintain the

0 pressure load at ±2 psi (0.014 M~la).

Failure of the specimens was instaintaneous, with li'crally a fraction

of a second of advanced warning. High-speed motion i)ioturt' film of

*failure was not obtained during eight attempts. In several of the

*cases, the film was exposed before implosion occurred. In I he oilherA
"cases implosion occurred whilt the operator was waiting for an indica-
lion of failure. Mlethods used to indicate railure are. detscribed beliow.

(1) RAdiU Displacement -A reA4 time signal from a 1pot en -

tiometor was displatyed on ;in oscilloscope. During

p~ressurizat ion p~eriods. the potentitiometer %% as placed on
the worst flat -spot (probablle failure z~one),* and the I,
rate of inward radial displacemient withl pressure W3s

mlonlitored(1. It was believed that an increase, in the

rate, of changet or radial displacemnents wouldi indicait e

implosion. This was the case. but wa~rning time was

3,ot Sufficient to trigger a toggle, Switch to ope ralt t* he

camera.

(2) AcutcEmissions -Acoustic emissin I M as d U "0..

were placed on the pressure vessel htmld tir on thet Itopl

stiffener tol record c'racking activity of the C(encrete.

It was hoped that t he vont-rete would show -ons;idcr-

ably more cracking activity just before failure. ]'h is

met hod was not successful bet'aulse the acoustic emois-

Sion ac~tivity of vo1 t'vivttt is hirih and( erratic ill Illie



iinelatstw re'i'gon .it wtsIV' posýtiblt it% dits~ting'u:'_;h

nlh'tvteti sp)urts of atctioi an 311 e t wt atity #uat I'IOI'

(3) Prvessurt' - The ttehlntctan, who pt'tssttur'ie~d the sjetit''

nlenl closely wvatched jrbuJ'rSI- gagea diuring the test.

Apause in the rate of inovement of' at pressure grage

needle wotuld indicate illmnutwnt failure. For several of

the te~its there Was not pause inl neetdle. mno"vlltt't: anfd

for the tests witti a vause. I itue was tiot suffi-iut-i It'

reay a me'ssage'.

Upoti t'emloval. hil' sjieviiiietis from 1t1e pr'eSrtessere were

inlspectedý plotogratpht'tL and -,ketched. tF.trit~jtits of eonretev Kntt

tOiHM r zone sectiotns wrve balvaged anid piveced tog'etti fer Cot*coset'

itispee ion of the failure zotuŽ.V

It was atlb ith si age that wvall thckes masuttret'nts were made.
TOln specinwn was broken uip, and the Thitkntess of' the piecs was
measured wCtb a tujcrontiitr . In thKis anner. nttmertaits ant! accuate

itausitretenttis of wall ;hiokntesses were obtained.

A sunumnta', of flt' spcutiu'n gt'onu't r is given it tMile 1t -1 I lalc

w, ma$x timum an! mmitulium wvall thickntssts art< pr'estIted . Also, con-m

si rilt ion out -of- rounidness, data at the fblat-spot ltocz't ons are given

Qlspinahlv th li' mintuti wall t hikness coincided wi: thi' flit! spotV

localtion ln'causc ihis, occu'rrtt at I lit otti 't mold seams. '14le15-2DO

gives a digest of the outi -t'-rondne:'s parameteurs Tb is prt'st ation

of &dat hnwex't r is not t ruly tiesript ine of IK ha'on -o- rund shapt'

ljjimt 1' l h~w ltfsacts ew- section at ati ee';tlion of SO inctes from INli

hot ~ .4 loMh i iofsttitvne 2-3. Il'et inh~ itmi"ou4-f-rn uid hape for

14- a it 'UI ani inw net' ob are sht'wti ttstng, ~if t'\o'-''iiet a IsJ it'ente
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\ ,"1 7 membrane circle. The center of the

4' *,nembrane circle for the outer wall is

1 ' offsey from the center of the inner wall1) 1) -1 MISl t .4q|4 I II III1y r b u 0 0 n h t
44444 44~ 4444 ' ' ' I h," about (.102 inehes..

""I 'titl)." 117 0 1ý(1 I| 03s 0 li

IAinot her c1ross-sectional view at
4 ) 444 1- 44().(Q I 4 -I 31

................... ........ cit',.',lion .• 0.A is shown in Figure

"K-.4dm.1h4J% 414 ,,4 li.4rc hrv.tdn.1 , B-I6. The data are a compilation fromn

I:4..... i:,, 4 .... . ,:., t e., l,, .: ev e r a l s p e c im e n s c f t !' D 0 .0 3 7 .

It4 5I

- .-. 4
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Variations in wall thicknc..,; and mean radius. If. are shown aroulld the

circutferetnce.. The average It was 26.03 ! W.05 inches (()(;I !-1 1m).

The magnitude of the Standard deviation was, mostlIy f'lol iti ljack o•

accuracy in measuring the radius with the steel rule.

"CONCIETE MATERIAILS

Mix 1flesti

Concrete was hatched and supplied by al transit mix cotmpany.- -

Each delivery consisted of 2.0 yd"3 (1.5 M3 ) of concret-e. h'lle mix was -

dcsigned for 6.000 psi (,11 MPa) at 28 days. The proportions kP' cementl -

to sand to ,aggregate were 1:1 .96:2.22. respect-ively. T'1he ctlent

content was 676 Ib/vd3 (4101 kg/tn13 ). Walte-to-cevllent ratio averaged

1.55. Sliump at tihet time of placement centirolled tlhe tIot:! tatter cinte .tit

and tlhe slumps averaged 3-3/4 ± 1/4 incwhes (95 ± 6 m)ill)

Portland. low alkahli. lype It cmllent was used along with a waler-

retducing admixture. /eeCon 1f, at a rate of 6 ounces (o. 17 kg) per 1

pounds (45.4 kg) of cement. The sand and aggregate wert from tI(.

Santa Clara River Blasin. M:iximum aggregat.' siiz. was :3/8 inch (9).,
mlm ). alnd| lhv' alt.grle.T'caitt, under'Iwent) hfi ly medc+ia s-epalratio'll .

A suumnamry of the coticrteh propertie's is givetn in Tableh 11-3. T111

conircle comiprjssivt, sirt'ngtlhs wvvet nteasttured at 7 atnl 28 d+a.,s anldt aI

the oiut. of ltesting. St ress-st rain curves itwl'( otainvi.d frlm: tume .'.,tis

specimens. Several modulus paran•thers are h:.,ted ill Halde i-:3' along I

with the ultimate strain and Poisson's ratai. Figut'urv IB-7 snw. rplre,-

sentaliive str-ess-st rain curves forl 7,1)0 and $.100 psi, (.1$ and N' Mý,'; W-i

conct'Ieti. -I
I.

Expallsive-"•melln groutl. used as a packing, imaterial betIwet':I lti' 1.

stiffe-ners atnd vo•lrete wall, had| : Iix prop.•'r jmils ot* one' pallrt plr t hland

cemlient type K. otne partl San Gabrie)l 11ivet. i.l. betwre siev.' si/sns -i1t

and l ., one part :an brivi tl iver sand etlween sie've s-ize., W and 310. 1

1,, 1..

*4
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I s- uanplsit'sll Vitews oLf several spctsilliens" are shown inl Figures 11-8

thirough 11-16. For those, specimens having a siljiple-support boundaryiI

t%)hiGi til tiht faniure. noles occurred inl the( mlidivlengi region away froml

the ends (Figures 11-8 and 11-13). For those specimens having a tree-

support htitidan' tendt tn. the 'failuret hole I vpicaliv occurredl at Iit'

top end (11igut' 11-1 li hrogh B1-15) . but thet t'ailurc htdoe weirmccire inl

(hi' midlcngih regmin for specvimien 2-1 (thec stronigest Group ! bspecimen)

(st'e Figia ir1-M10

Tih- experhncut al t est set up was pirobabliy tile- cause for thet f~ailurt'

holtes tinltS ocurred a!1tv theto. When the splt'eimeNs were tabrkcat i'

tilt'q topcltnt~lt' edge was Ilant&-t roweleti and tht'retore Unteve'n (n I
s -eulia t SI tlil lop t'tltchCisttit ring was placed on lt'e cylinder with-

ot'tilthe gaskeituaal erial i' obsvr~v* unevtnoss~. A ratw Qe'hr'ju'r soniv

of t he' anutfitha surfacet showted a gap of' from11 I/ 6 to L`8 incht21 k.Ito 3

milu) A filler material. such as gypsum) use'd inl specimenvis 2- 1 and S- 1

fillvAthelii gapl atdequattlyv llt'w'verI. list' tof tilt' gypstum was dIssot -Oliil

tied hrcaust' Meit material is water soluble, so, small leaks grew into

maajor leaks, Epoxy was ustod as Ots t'tpilact'iitn lust t'p0' tillur

maviat i-At i not ailutt'ar to tItnttnu adt'slitat lv Epoixy has a snot alass

about I tsn'ttntih tMat tf it tncr'tt and prolrablv abmo ut n-t't'tist tnt of

gv~p~alm It wasn't lniiitd aft 'a sJ't'ciaun h-2 was t t't ed (;a! tlm hr l 4n o

flit !tm l''~gram! 111 ::!bt-cnum iuii c ajijiartl Ma hat t vn epxy Shne
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ti.aferial waI not a gýood ustiu-bs;

lion. Figure B- 16 shoWs t hat . --,,

specimeln 5-2 had 'I very loual ,

failure ;t tliht loil edige which was a A
V Ibc~ltring-type failure. ,

Boundary behavior is quanti,

f itA in Table B1-4. For coziveni-

race0l. a nondimensi•nlal value, 01

xvWS Selttd to CXp|ISs bcIundarv

behavior as th1e ralio of radial [
4lislaheement at the end suppolts Io Ignir-12 hI:agnlin, • (fm- ic

the radial displacement at midlengi h hidc front spvcimen 2-2.

of the specimen . A rigid support

would b'. ident ified hy A * 0 and a

fttet' s11pport hr 4' 1.

Observed ,boundary perfor.-

betv Weefl act ual and t lieoret ictal

behavior. For free-Suppot1 sppec-i-

nwns the ideal 4 of 1.00 was closely

apptoximated . Two Spelimens with

I/D) z .037 showed free-support

behavior wherI 41was 1 0.90 and

0 .96. Specimen 2-3 showed unusual

behaviotr where lilt bottom of the

cylinder moveid radially inward the

least.4 0,60,. but the top moved

inward Ihe mlost 1 4 i .36 (iv.

the top of thv cylinder at th"e flat

spowt hoal ion imloved inward mnorel
than| the nmiddle•).

(11.111 tl It t.'iurnt.".'ntwi

lit) i *

r" '•Ul~' ',
1

nnnmi Illl Ulll~l ~ ~ r~•"n•P••ra~l~ll'/ lf~~l'•-'• • , ~ m. a • • •;9:• r•-•t :•' --•-'•-"-n'•:~l~l~l ll ill I -



For simple-support specimens,

the ideal * of zero was notI
obtained, The radial deflection of

the steel stiffener pirovided some

Compaliance. The stiffener deflectionI
was calculated to be about 0.01 inch

-(0.3 mm) at a pressure load of 500.

psi (3.5 MPa), or a V of 0.08.

Measured radial deflections showed

values about 0.02 inch (0.5 mm), a
Iigur 1114. I ragmenisof failure hole from

611



i) of aboutit1 0 W. at a distantce of1 2 inc0hes 00 3113110 awvay frotm thel~t, -. f

fenlt'rs Thum te'st spec-imen'ls had a cleat' lelngthI holt wet' si ifl'fenes of*

127 int-litts t3220 twit After accountinug for tilt' comipliancet Of tile

s-tiffenler, tilt' P'attu;.I' k'nn'i i of tilt cylinder appearted IA., be aotilu 130

iniches 0300t imm); hence, the effect of Stiffener Compliance wast smuall

'1

ASS111hcitr Its bt Ia i Il'' ill f~dtiit' C'II Ow Y v itv 3),a itiPt. ofhrc ul 'sp eci'i 0 ~ s

After2. 1ttest ofo possbl 'dexo1-t. ton sp-ii i t m iplosin i rtd Whic dilt' to its-

a;Irvitimtd t tict'tjtai~ it'l hl ol I;; flit' avrt'!;ti ait'I bivi periodJ of sust't'33 dn



loading. Stbsvquen tly the sustained pressure for specimlenl .1-2? was

* ~lowered to 81YI of predicted shoi't- term strength, while specimen 4-3 was

s libje('t 1' to 7W,

Specimen .1-2 was accident ly imploded atfter 441 hours of loadi expok-

sure during modification of the electronic pump control equipment: no

record of lith- aetual imnplosionl pressure wits obtained. The implosion

vaIlue listed in Table B-4 was batsed on a calculated estimate -of the.............

pressure, increase ill the vessel for aI known duration of pumflp operi-

tion D at a were, available on the exact time of operation of thle plu~Illp

before implosion occurred. The estimated implosion pressurev is pro-

hablv within a 5% error limit.

Specimen 4-3 wit hstood a pressure load of .150 psi (0.1 MPa ) for

168 hours wit bout1 inc~ident . Thel( prossurt was then reduce'd to ivero

where it rtemained for 46. hours before the specimien was subjeo'ted t

W5,it.of short- t cnn si rvingtii Thtu pressure level was sustained for 2 .5

hours wit hout i an\ signs of maujor st rut ioral ulist resti. then thet pressure

level. was raisvd it) 95`,X where Lill ph's iol ok-ku rrei after. S min11ti s.

l~adal splcemn BehaviorI

Radial displacement leras are'( definled diagraillmat iciall inl Figil11

B ?.The. deflect owelt.e inst ruimt-n tatl ionl mlet hod Imaneasu radial d is- I

1)l1a10111V 11 from0Il inlitIia to 1 deflek.tctI sh a Ii . 1%. Membra1.1n1e ratIialI d i..ie-i

mlents . %V .Were determlined from thet %V dalai. The follot' inc- Ilet ho'

was used . The, reader shoul d p i u rv raduial d isplare'emen t 'Iala be ing

displayedi en1 osei Ilograuph paper as a4 lotten t iO10, 1te. OVels :1roun1d lithe

ietim'infervnce of a eylinder. A s ra igtl mie woulId mea' p rec%

circle-. *Fht speOcimen'ls Were nt,10 (lfv'rfec 1herefore . lilt 111C Iue oved

tipila rd (fr mnw a rd d isplacelwa t ) andI downw~a rd (fo( r out War de lis phtev-

tment I The. ]vln(, on Ithe ost-illegraph P1.1l'e'r is a charit of 411u -of-

i'oinllos I~e~i The. Navy l :ine ht. L dfigit i,:ud k.u'. .;1 eac 0111~ut ;ilong'

tithe [lne cant bc KZi\.tI1 a luaguinit it' ale) Ihc vrc ot, t ht-se ;u

i~ lotted", -.1 IT) I Iie't tit at1 rer Set I he Initliiulinc tIW'Vc 1

't, efin ., llc * 1'Adi s ol the 111illb aIi

V [
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When a deflected sha~pe wais plotted the reference point wa~s the

.ii

location of the center shaft that held the potentiometer; however, this

location was not the "true" center of. the deflected shape. The opera-

tion of finding' the true center location was that of manually super-

imposing the membrane curve on the deflected shape and using judg-

ment to decide the location. Judgment was based on fitting the mere-

brane curve (perfect circle) of known size to the deflected shape such

that the area between the wavy line and tht membrane curve was

divided equally.

The initial and deflected cross-sectional shapes of a l'frev and

simply supported specimen with their corresponding membrane circles.,

are shown in Figures 11-18 and 11-19, respectivcly. Al! specimens

having., a frec support derflected into an cziiptzcal shape whrre Ohe num- ii

her of lobes, n, was 2. All specimens having a simple support

deflected into i shape with n 3_

I
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The Ivot. natl -10 iii ttI:.ir'l orimi' I an ii'twn illa li twrramr II( alit' uniiin

lI.-It I'm.ll hit htcatwilet,1i'i'tltsilt iv iSniii'itlnil with tlt, wall I. it'it Ill::. th1.t

1% 111' A b in .;in .sdiltiv'ht f latI unt gtillv

lW ithal .lslw'Vý'l t~t : 4111im)v ill FuIu,0t'. It-I 'I; andlv ii 9l,

I r~t. plot list A1 VA lrh'10- 11 i 1s~li ltv rl'. n fihl t ie 1t pt'cituinn:." 111 I .t:

ntv1aauinnl from I iirst tlot wer vv't'se,! lit aniatv-iiig I hr : ni vie tnil

Pinr4-soal r V I c¼:i11 iiv ;Itld it I dal itl:0n11111 '.arr :,lnti it inll r~.iK&

lIIt ronuv: It I I - Tlwi hr t11*t .tI r v rriru'm t he wiwst flhI s t .-tl ot'cAt it 'ii

Tl. %v l i g r it ieti'VV! fl r vun x Iiv at .l Ow' l' li.N illilitil Itl't:.!sii irv for 11' I it Ill

It i ' ll v -i 1iltii v. afI itit-I cv In Ic I In tIt r t .'Icrr I' lit Ih r xi- it.m'ip

t I I Lit rn. .1 1.11.1 f

ti a I:: it 41 is wlm ritci ltria it .1in .ut. i 1h I c-a i irt- Iid .-lIt hr M~Ii I 'd i

slutiI nlf in1,0 1t IVen' it t iii'At Iv I ! il:' 'i*4.*fttI Iem'incnr it-1- 1 h i niiai

I{.st:.i!i I uIi'.ll t 114'.111 t;1 I.1ti Gm 4- 'l.jIll 1,'uu t VlW'~ I* ilt :( PIiu'-v A rti c: ui

~'Illii .a'1.1 hro pIt I ' iv t u .~ iv.I fi~ ii''~ 'II I ts l t 'tnt : ct.4,t1 .il

AN It I

ItS I 4,1 1'kI',
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rhl'e known terms are w, w m and AR1. tHence, radial displacements due

to bending can be calculated as:

. w R + "w

* An estimate of the magnitude of strain on the inside and outside

wall surfaces 'an be made because w and wb are now known. Mem-

brane strain is calculated from:

w M
S( , 4 ) - , ' . r "R"

I . ., 1 "

and bending strain is calculated . .
H ' 

If,;1

f rom an expression developed in . ,

R e f e r e n c e 1 9 a s : ;/ .' , . .
_ r'." :.. ;

211 II_.( ,;44 .....•b - r2 01 (11-5) .. .-. " .P , r .w.....-

'Table 1B-6 sum m arizes the .i 1V,, 11 C 1,11111 . , . %I1hil.',

u ltim a te ra d ial d is p lac e m e n ts a n d .11l,, ',grt ld ,,I '.O l''

v;dlculated strains. It is interesting

to note- that although wj) is Iyl)i-

cally several times the magnitude of

wIn th; ' calculated strains t:c and r are n early equal. At imillsion

th .si rt-aizs alt 'the flat- spot localion on Ihe iii:;,ide wall ex lwrien ccv d slight

Iension whilh on the outside wall strains were on thc or'der of .,0()0[

pin. !i). /i omlpwession

69l

..



It % 1llill~~liitt, til I. III Il 111.in tnt 1

I~ ------ - -tf

0 141 '1 Iti-II i
. S;it 11511 .1S i'j 5 1Iit44 2.At44t .' t -2011 '4 PiiNtI

1tpy * INS tti$ Its ml~ ),I .t 4tt 40 .11 5tt

ANALYTICAL. iwstiAi'S AND) DIlSCUSSION

An11alysis lDescr'ipition

A structural analysis Was ptrfr ll lilt I vixptrimi'ntnl specilntis's

l'isixg n (m i tlt'tii.4.14t'il ml' inthi';Id'{ N(le 'NS,\P-A that int'nrjorait'tlt ati

advanced consitatutli vi ril~at iol subr-out iii' forl thc collrtitt't The anally-

sis was 'onduted(tt( by% t'h'n * 'latut, andt Suzuki (11cC 201 withbout t lit'

lu'nt'fi of lilt, te'st re'sults. lInformtaition on) sjeiw'CInf lg'oflr' I (nclud-

ing the4 ouit-nf'-ritnd geotmetry. botInilry c'ondit ions. and mnaterial

projwrlt0 ir)Was supplied. If Was. tlesix'eil tit t'ttfiplatIstalt 'nivlv ot'?i lt-'

I'~sl spei'i''lis -as realistial as potssiblel and tOwn {jdfejlj3)4in (lth- ;ls'tt'L-

i'aty of thl- pn'dit.4ionIsý

S'onslittit nive Nlstih' T lhe ttltitlti''it'1W.I.- slt'Vt'ltiie ill t h,'ei

prs - e'lasI t'c plastic' and t'rai'lurt' fo e1'i'onrs'h' unditer gelnt''a sI rsss

stales.

Fotr t'lastv vou' 'n.t'it't xi was as'stiu'tI 111h11, iit ially, concrvite is an

iso'tro'pjic honsnsoa invar (ilst it' ma cr1;.! andi its si't'css- siralin tla

tused. andi F t 3ýlfixtl and 4 ');1"psi (!. 2 antI !8.$9 ; lWi) Were

oil0



del e rim n ed f roml Iig'u re BI - 7. The cla st 1 limitI en vekpc ill genlera I

st ress space was obtainNd by smAlng the tract ure envelope down tf) a

wh~'erwice uniaxial ykied point corrspondied lo about .13-~o h Ui.il

* strength..

For plaistic. concrete * a si rainl-hartdening plastsIicity mlodel ;.s pro-

* J)OsC(I Ill viously in Referenfce 21 was used to slescrie the nonlinear

i rreversiblelt st ress-st rain i'esponse of e()fl(roI m'naterial. Tit- plamllit

* ~~increment t trsh s -msrimin i'cthtin ship based on t hv normal it flIowt erule

* ~~inl the t heory of pl~as jcil V are developed. ill deta1il iIn lR cft' eno 22.

For fracturie. the concrtelvt failed when lithe sith-1 of si ros reached

~I ceri a in ~. i~iicmd valtue.. 'Two diifferen t t y pis of fracture, mode amrt,

def'ined here.

(1) "Cakn' ye-When the pInrisml hhvhmsse are~

either i.1 the tenisit'ii-t'ils it'll stt r t'ilsicf-11

C~f~j! 's~io ýt a v ald. Ilheir. valucs t':ect't'tl I limit

( 2) N.ru sh inr." Tyw-When the( jIrlinc'ipa ISt ress('! art, ill

ete'iIlhe limit values. Wheln conleret e e ravk~s Ilhe

imaterial is assmitmil to lose. only ilb. tensýile sI 'enlgtll

normalm Iio Ole vraek dirveltio;l b~ut to1 ret'lam it., si rcigigt

pmalito il he raeh .lirccIionl. 01 t1w il t hIer hland,

When't c'oncre~tec' i'i.lisht' Ihc DMAl trial viclt'it-11iO(' ii.,.

st rengi I comiplet ely. P

Il 11 r(.;sXil ana~lysis. .1 dJis'l relorcs2:villi t 'll2 of; fravs:'lire cri.Irior;;

(NmivtIv '%51(le 111teanis l re,..rS!eS O si ihv '



(1) Stress Crittierta•

2 2
2 3 1 u-

where Au and tu are material constants and where a is equal to zero

when the principal stresses are in the compression state and equal to

-1/6 when in the tension-compression or tension-tension state. The

first invariant. I!V cotresponds to the mean stress component of the

stress slate. The tern .12 is the second intvariant cf devialtoicr

(2) Strayi, Criterion

f\ 1;g(C:.. I = J. t -r tI (I-2

p

or

flax innimn of the Inrua'cipa l St rains a: ("81-
-I
I-

ill which I olrresponds to vohAnet'it strfain and ' is lil' 5t't'Olldi invari-

ant of dtviatoric ,strIains. The lIIus I and r spa l t he maximtum

du-liliis ('i of cinir-te t unde"r uni:ixial CaoWpi'essive and tensile loading

('flhldlitn U |fl . 't'SIt ivt'lv. lealk'nin . Mie ompv-essive vylindtr s r'ngtlllh

was assumed as 7,000 and 84000 In ; and ,41n i 6MPa) ; anti viaxinim

comlpt'essive strail. I, Was 3,5t110 Pin.iin. Tht Ivn.silh, s't'reng!th. C'

was assumed. Io he 0.109 f1P and maximum tensile strain. ws $01M

iain. in. When Ihe ,ilivrss stalte in the concretet, salisfied itht,h the

slir'ss criterhion (Equali•lin lH-6) or tih .l'Slitn t'l'il'iS ( Eitilit iolu' It -ON

I

'''I



adft 11-8). frctur.Wt, of Concre te was a-'still~ed t0 O( ux' If the frcl ture

.0cs IT s SI e lies it) theltnlrC~l~5I~ or ten siof-t.Cfsiofl ;;one, a

craek was assumed to occur in it planeC nlormal to the dit'to'tiofl of the

oilrintling principal tiirsile st rv:s or si rain.

Finite Flement llrogýiam Inl the present work all thle analyses Wer'e

* . performed using NFAII program (11ef 23) on computer system IBM model

370-158. NFAl' is a modified and extended vversion of NONSAP-A two-

* gr-ai O~',1c 24) , which is it modified. version (11' the NONSAP program

originally developed by Bat he, Wilson., and Wding (RefC 25). The pre-

sent concrete eonsi itut ivv miodel has been incorporated as :I subrout ine

inl the NFtX P program. 'Il'he average eomputing timeW foi- thle two-

dtimensional ( planle strain or a xis Vianict rh') problems was about 5 minutes

for each ease, The average vompuitin g time, fill vaea three- tIimnwsionail

analysis was about 62minute~s.

(h'ometrv ol" Analysis . The eight cascs ats listed in Table Bt-7 Iere

(1) C'as's I aind 3 we-re mlodecled as axsmie e l poblvims

wi'ht Iiimnple- Nilpport enid-comidit ion .

(2N Cast's ") an' 7 ~ were mlodeledi as plane. strain . a Nis Vmf-

(3) Cam's Ii amid 8 wc'rtic-oled~ ams planev -ilrainl. IN , vmna'r

rie.l vivot-in, ut-C-runns in, tilt froiii ot 11

Ts;lable 2) was included ill the analysis ii
C) ases 2 amid -1 %Vre tzr~mted as thi1'ev diltli-SionalI pl-lt

Iblois with larl".t d iý I'lacc'emt ill ( t of-ro dm si

111e 1t1'riii of it wams ink-111I''uI ill thw ;alm vsis .
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C.ross -sectional geometry Tbh' I-,. (1'%s,.ns•nctnmat H-t$n, It h ClIndti-

for the cylinders, which . . - -

includes data on idealized t.. 1 .•, I
IN, in I fill ~ titi jm1 (uI tit I I Alt'

out-of-roundness, is, shown in

it

: Figures B-26 and B-27 with i t.•st• ~
•.g eo m e t r~y . v a lu e s g iv e n in .2 N 0• ..4 • At tu. , 31 1. , .: .• .,

Table B-8. -1 N ,04 1 tI I, Ni

Nol t'v I t I it S

!moion Results. Table ulit. in; : "."

B,-7 summarizes the results of . +, si, . *

the analyses in terms of *.

impk.-_i, n pressures that were

controlled by strain failure , ..

criteria. (in, and stress ...' . " 4 1 4

failure criteria, (P. ). The .....

implosion strength is given by -

the nondimensional ratio of I '" :" .t.. "I

P,, /f, The analytical implo- , '""."

sion strength is compared to
the experimental strength by ._,,,

lite ratios shown in the last

two columns of Tabl 11-7.

The experimental specimens were out-of-round cylinders so a true

comparison between analysis and experiment is onlly for out-of-round

cylinder cases (Cases 2, 4. 6. and 8). The average ratio of strain-

conrolled implosion strength to experimental implosion strength was

0. 89 and for stress-controlled implos.ion strength to expernien lial implto-

sion strength was 0.93.

The stress criterion failure mode predicted implosion with better

ccurac 11.y than11 th1t strain Criterion method. L.tooking inor" clo.ely at

individual castes. C'ante 2 was an instability failure node andl analysis • 4

predicted iplosion 1,%, lower than eXlptrimental Cases .1. 6. and 8

were maAerial failure mu' h's. and analysis predicted implosion only T'12

lower t han experimentlal.
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- Interestingly, [he strain criteria that controlled in all cases,

except Case 2. was a tensile strain limit of 800 pin/in., and not a

- compressive strain limit. The limiting tensi,. strain occurred in the

radial direction of the wall (increase in wall thickneis) at midlength for

"the free-support -specimens and at a distance of t = 0.4 from the end

for the simple-support specimens. Tensile straip had an influence on

* failure because the wall thickness would laminate and facilitate a shear-

: compression type of material failure of the wall. Evidence of wall

lamination has been observed in fragments of thick-walled spheres

* under hydrostatic loading (Ref 26) but was not observed in the frag-

ments of cylinder specimens.

The effect of out-of-
"roundness in reducing the

Oul;-,,t-I~A.lI;unncs implosion strength of a per'-

fectly circular cylinder is
I't.'rFt't Rv'dtý -ion ill Ihmul -l, ion .Stf.migi I

S ilIhr. It.,,,n,-M.I, ,:.." shown in Table B-9. Cylin-
t.,,,. Vila i -Ti1- der t/D influenced the out-

II &2 / &4 S I 7 I A%,r,Cvgr 0

of-roundness effect Cori-

NI. * • .X 9; lt 'siderably.. CaseS I and 2 are

(,,... , I I, 4t. I x I thinner specimens than Cases
_--_ 3 and 4, but all have a

I ...... i i' ....... ,,,-, • .g.... ''," h.. ......... , simple-support end-condition ,

the thinner specimens showed

a 44% reduction due to out-

of-roundness, whereas the thicker specimens showed a lHA, reduction.

A similar observation is made between Cases 5 and 6 which are thinner

than Cases 7 and 8, all having a free-support end-condition.

The influence of cnd-con.ition on out-of-round effect can be

observed with Cases 3 and 4 and 5 and 6. all of which have t/l) of

0.037. Cases 3 and 4 are simply supported and showed a reduction of

16".: whereas, C:.ses 5 and 6 are freely supported and showed a reduc-

tion of 46ý'O
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The effect of cylinder length can be observed from Cases 3 and 4

and 5 and 6. all of which have the sane t/iD) ratio of 0.037 but differ-

era effective lengths. Cases 3 and 4 had an L.1D0 ratio of 2.35, and

Cases 5 and 6 had an 1/D° ratio of infinity. For the out-of-round

cylinders (Cases 4 and 6), the shorter cylinder had a predicted

increase in implosion strength of 53% over that of the infinitely long

* cylinder. Experimentally, the increase in strength was 41%.

Dlisplacement Behavior
1

The predicted deflected shapes for free-support and si1)ple-

support specimens are shown in Figures B-lS aad B-19. For the free-

support cylinder (Figure B-]R), the p-rcd•,cicd shape is a fair apprfvxi-

mation of the experimental shape. It should be noted that the pressure

level for the experimental shape is near implosion at 400 psi (2.8 MPa)

where' the analytical shape is at implosion at 346 psi (2.4 NIP) . For " .
!ha.- simple-support cylinder (Figure 11-19). the comparison isi good.

The predicted radial displacement behavior as a function of pres-

sure is shown in Figure-, 11-20 and B-22. Comparison cr the experi-

mental to analytical behavior is quite good. Foi- the out-of-rotund

cylinders., nole that the predicted implosion l•ress-urts using the ttrain

or stress criteria arte approximately the same,

A large difference in utimiate radial displacemiilnt was hserve- d
between peul•c and out-of-rotund -specimrellns. iaor cylinders of iAe,)

o_037 (Figure 11-21). the experiwenital otl-of-round cylinder showed

w = 0,.508 inch (13 ram), while the pet'fcet cylinder had tv 01.08 inch

(2 nm) - a 6 .:-fold increaise. For spelimnls haiving ihe same a:D1)
0

ratio of 0i.037 but different end-sul)pori conditions tFil'ures i-2i andl

13-22), te fre1-suppttr cvylinder.•s showed an tilt amiii tt di:,plamt'tntni of

A:= 0. £;8 inch (13 an 1til) cOIn: ared t , thc si) I t II-••-,ploall (v'lidi n% , ,

Iw (K. 85 inch (5 m11m) - ai 2. "-fuhl I11r;i,

li Tr ii . rrvwr' . L



i~diaI displacemnent behav'ior along the !ength of the cylinder is

shown in Figo re-L fi -*.. t hrough 11- 25. The effectI of flt- simple- support

is v iv id Iv shu.% ;, i-i I- igu res 1-23 and 11-25. The vomnphIance of [i he

actual r'ing stiffener in the experiin~ental tests can be observed in Fig-

ure 13-25 where approximately 0.02 inch (0.5 aim) of radial movemlent.

* occurred.

For the tree- support cylinder lFiguro 1- 24) the difference

lhet1c-en vxperinientil, and analytical behavior appears great. However,

this same ditforonce is shown in Figurt: B*1- .1 wherv flt, compaZrisonl

appear's bet I OL E xperimenfltally. the f ree.-Supor 1))0' Cod-emndition using a1

rubber' gasket miodeled the ideal tre Lppr u te .ll.

FINDI)NGS

I- Anaty ticattv . using the t'ifite, elementI pi'o-ral N ONS A I'-A with

an advanced constit illive material mod~l . the, Ihchvior of flthe cylinider

Spec~imen'ls %V 'wpetdicted with wood acuraty.Th mposo

%Veret Predicfted 7-' lower than act ual when a st ress criterion con Irolled
I'ailo ire 1 MItaS to n d OxPerunen t illalV t1hat Spe-Cimens- 01' IL) of 2.35

(1,l11' cx-ii ders ) aIn'lvt ically . the inc-rease In st rergth wa~s p'red icted a s

NiIrengt h andI radIliai disp~lacement1t behavior. An al t iva liv. the effeet ot'

o Lt oh roinne SwaIs to lvelUct% 01V mipI)OS iOn s rcn gt h of pe rfcct cyvlini-
dt/15 t)v 6t lbo 4b': ldt~imc on t 1) ratio and (en11-siu~plert 0011it 101'

TIhe 1ult inliat v radjiat dtiI'Lacelietifl, t~r he Ii e-support experimiental

Sjtclllci~l5 of1 t ) OU 03. was 0.50C4 jucli kl: 113 11n. which wo's 0.- fi tie's

thle 1,01,clien lrwc'iCIclntr h ed I" 111mIvi' ''ut-A -

roliuldnicss It, obtaiil accirlt late ylc predlict ions' Was 'iid iIIpIOrtant1



S3. Radial dispement data Cor the specimen.s; showed that the a
deuflctt:d shape for the frev-supportt cylinders had two lobes (n 2)

and for the simple-support .cylinders had three !obes (n = 3). The

membrane and bending radial displacements were (etermrino:d. and esti-

* mntes o-f strain were calculated at the failure location. It appeared that

at the worst flt spot the strain level at failure was slight tension on

the inside tuall and about 4,t p 4,in /in. compression on the outside

wall.

it
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LIST OF SYMBOLS

Do0 Outside diameter wT Total radial displacement
(see Figure B-I?)

E. Initial elastic modulus
SAR Deviation in radius 1

E s Secant elastic modulus
s t. Inside deviation from

Et Tangent elastic modulus 1 average radius

ft Uniaxial co.ncrete corn- AR Outside deviation from
pressive strength average radius

k Material strength factor Atmin t tmin
,or cylinder structures.

SUltim ate st aik Materipl strength factor Cu Ui e r

for spherical structures Lb Bending strain

L Cylinder length Membrane strain

n Number of lobes ,Empirical plasticity reduc-

P External pressure tion factor

0 Angular coordinate (see
im Figures B-26 and B-27)

(P im)f Analytical implosion pres- 01, 02 Angular coordiiiates o1
sure controlled by strain failure zone
criteria

(Pi) Analytical implosion pres- 03 Angular coordinate of
im a center of faiilure zone

sure controlled by stress
criteriaV Poisson's ratio

R Average radius F Nondimensinal distance 3_1
along cylindcr lengthH•: Outside radius(seYge -1) ,i
(se Figute Is-4)

t .verage wall thickness Wall stress a,

t Minimum wall tnickness n. Wall stress at implosion
un 0a

w Radial displac.ýmera from (o Wall stress at implosion
initial to deflected shape im B r.di,'t d ). Bre.,'

eqluluation ( ..(lu:i ion 5)V lBenrding radial (isl ae{Jb:c- o.i

ments W -, . impl,,'i,,n
l,{'i.(lirtil, I.y lI)nn -ll'sw M,:I!r',an,. radiald diý+IhW,.-

HI I I %VVIw .( V I r l I

I d



DISTRIBUTION LI1ST

ARMY C'tRit Iihracri Hacnover Nil
ARMY IN6 WATERWA4YS EXP STA ILihncrv. Vick~burg MS
IWRE-AU 01: RECIANIA1ION di Graham#. Denver. CO: C. Smoakl. Monver Co
47MG Code OPNAV 22. Wasch DC: ('ode OPNAV 21. Wavch nC: i)P.21 Capi [I.H ItoWand i Wa'chrnaon. DiC
(N)MOCEANSYSPACXSE. Pearl Harhor fit
('OMSUBI)EVCRUONE Operation' (Mr. San Dicci. CA
DNA tI.TC()I. J, Gadlloway). Wasbvington. nC
M11t W.cMlingnon 0C

WXE it)I1tfhc.i;. Atlingicin VA: Ai. fllcerc. Wac~cinglin. 1WC: 4W. ShewtwoodWashcnelon. lDC: Dr. Cohen
I)WSRIX 17 ('Mei't- Krenike. Ricthesclfc %10

9TMSk0rxiW (al '2.1.rarya. Annacpoifi kIt)
E-NVIRI)MMI{NTAI. PRMITCTION' AGENCY #Mk R Oven). Wawbangion, I)C 1

MIARINE umrS ItASli PWI) Camp txicknn NC
MIARITI'ME ADIMI if;. tflwridgc'i Washcington. lIt'
%WAS CO). Kacncihc H1c "1

MNlti) PWO. ';an kveo ('CA

NA-V(*)%'OASTYSlI'(]R ('nile 711J. Qasickta Rc.cnvc Cat%. E.: library Ptc :camcCilty Ft.
N AVfODEAC 1.k(vck (Ai~. Indiacn Head MI)
NAVl. ACliN(;CtM Codek 042 Akvcandna. VA; ('oak' 0451 ID) Poltln AletAnclin;c. VA. ('ode (14141 Alexandria, V.c:

(oik-1111 0%i Yachnat Alcx~tndri;c. VA: Codte (1415 Alnccctdrk;ý VA
NAVIAUCiNGCOM - CHlES DiV. ('ode FPO.I Waib. IX

NAVtK'i:A%1l ('ok- IE4H1( Wit, St. L~ocw. M-S L
SIAV(KEANSYSCEN Code c204 0i Sfachnia. San 1)ieen. CA; Cock 91. San lirgo. ('A
N.¶ VK;~4;(*jcli 401 GItatterltcc. Mot-tcrer. ('A, I Gaccivin Montercii CA
NAVEIII4SFAM Hiartici Clearancir Unit Iso. blctc Creek. VA
N-AVRIiMIEIX'IiN% SUEt. (Guam. SCLi Philadtelnbias PA
MWNSI{AY¶1)Mi cli Soc. Was'hingtcon. IX*. ('odeftlI5l ti-(reund Wa'hingaon. 1CW Codu %I:A (XX' W.cchingtmn.

SINSA%%'CcwlAcl4, Wac~hctn in mi IX
NAkVStURV-Wi'NC*I'N lloHim, r. While O~ak l~ah. Silver Spring. -kit)
%AVITTCIURA('lN SCE. Penicet~cl Fl,

NA-VWI'Vt'l.N% 144 C )Cc(ode 701l oi.in L~ake (CA
NC4IW -,fc I 'i- fitcc Ilcieccena: ('A
N6I)A~ch 1 Mt (iacnncnaKtwktcll Ml). cMRN ctnal.Kevl l
Nh 'Ir 1*,444N1%;c,hcnin. IICD(

NI ''it, .AR 11 RIt-Ni At itRYl, ... I ISitIs nc~n ahntcn C

I)Sk cli, I- A% S.hxaArhngjnn VA

SURI'~ %1t:4II Oilt %an~~f 't, icuc: 0IF' 71fl ctIcSn lDicic 4
t'%Ai SCI Ict w1. 1 it AlEROSPilACEI* %IIA( INE Ipiperirce %ecliccc IM'. Birook% AF-II. TX
t'%NAICheaci Mx livc' kpc cl~ii ~ncc n~pcc l.tccccctxIip lnh~'cncoc
lIt,)KiIAIVINNN'AI LAII NI tcintr'. UptcmnNY
('Al IEIORNI A '1 All- lcNiAIRSi II I fINC RlAUIIW'AdE-N c 10SAX61cI1 IS (AcIiI.eicb

tKendlcllc
$ I ARKvt)\ 111cl I0 1.411( It 11on Ic."u' ilot; '41N
M1.1I % A Manai it 101TI KAN I I IS ANGiI 1 -1 ii (A

I '4IVIRl(%l YV fl it I A "WARt c4l St %~'t I I mc' II'
alt tilA All ANN ltI I VIIt' 1'NiVI -%i I Y lxic, R-ilncc 1-~4' ~ it-*c~t Una'puts; I I inc
IIIcaIlOA 'Al ANI at a I - l 'ia Uc.ckicaos' (* c TVlc'ccc

IIcl:1All A'A'.II Mil RII Kim tcc llccmcRcoc -iff1 3

A 4PAU

firGk



II l uI W IO L*NI'.I4%I I N .I- 11 -111 RAI I Il'ul N %i-NUINIl IX1IIN~ N h.III~Is ~Ick. -

* ~~~ ~ %AlN I A14414 
(II- 

11 AR;II:% 1)%).I' II, IN)Cl 
I.t I' I-~l A~II il

* Ni 'N~~I NI N i %1I % I II 1Nil.N A l JAD I Y I%% owti~.. ,n 'i. Ni
- Nil I (al,1nI'ndix NIA-

NA It A t',JNI* NIll. 1.1',4,1. AIflK\ NDI)4 . A A1 I.J
I~~~~~~ IN A. NV) I RI: RI. INK.:i(~N'I~ )iL

41K) 'NIN !~I I I NIV Z i 1 I Iatait ViIil,,toij 11~

P141MlI' ONIVI RIO I N %'CtN Ini. Wv, I.1.1%ldlvi IN
MiLSI'M1i 41NAI'l ills I )RN' Sal D)..,g, ('%It)[ I S0111cit lviucii~

s.Iii
%4)IIMI)NNI5 NI 154 *%NN 1 RD I\I 11. 101 A': ioow 1I
S I .NNI (JIM'PII15 I N SI allil CA l(UNicitci
S I AtlF NI NlitIkSl I 4 If NEN~ ~ i~ I INKti 11 St.- ...o ýIvin nk. NYIII: AS A&Ni % NI RNI I'N 4 .lect .... , I X X'Np!. ..I 4 It-oa.. A NIn, A It vI vil.I)'w. 4 II., S.,,. IUNIV NK14IN I Y(4Ill .' Akto.i 4)If

I 'N IV 1451 I N (Wl tI'l I 1:4N N'l- A~ itL 11 1 k 10%(- It.~. *I CIICI .lc I tJA,1 'lI lk~.%1- ~-li
I : .It.I14 1-1I N 4 11 . 11- kVIL- CA5 %~I 11 14,. i v kv,.. CA:. '141-~ .MvI. fN i NNilvKK I .. ,. I 4 '.%.~

I '%%INIRSI IN) IW OfI NIN %S.N( Ni. ~l i kI .tI W 'iI Detug l NIjh,. .1 Ni Ill,!,-;'

(:%I%, I4 S14 1 'I N SI-NV 1 I I hutI 4 1::1114 1 )1 S14 1 .1 dN 'IIi N il
IN N- SI i N1111 I 1-' . I N S N *t-i. S lic,

SI'N]V 1451 IN (1I MA SAN l N515 *NJ I) %I AIi.,*, (A l; N' '' .lIn . l. N.i.,k ".'m-'

N~i:VfIIN 11(1 \1- 1 NN0l1-*0I114h INSI IS- %%1 l 141 1 N..) A% ', I PN
"IVI-RI N Ih* N IN s OF ! I % .S % IAI S~ 1114 A1,111. I \-N feci

UNIV 1141 I) N Ill I Its \14 NI,.,I M MI~iR Ill 11I 1111 -lloNIIVIN RIONN 111 UI wi~il1. W N S~.1), 11 .1" kilo S. SNl . A X11 %IIOL-!.1 .1'' ls-11. A

se .11 o I I-N N I I11,

\I 1H4111N Vv 444 1 )I~ Ii, C h NII ,.. IIS,11,11d C A

4 \1 f N J(' AN I ll Ni 4 It. %114 ,1% 1in-n I ' 1.111.IitN,-% III J
A1111 iIt N4,L111 11)4 (I NS SNI.11lo P.01 IIIl:'ls I- , 1

B' I St MNI NI DI I.. ,N 44*14 I NI), Is Nt IA N.NI; 4i
4[IN \I 11 I f-''v N %I R\ .MR N .'A04c 11..i, -, i l e 91

JII J!NI H. I I '. io1 el 111

41 )I 51 N I %fill \ i .l I IN N"I, 114, IN I.'llI..it. ) \I( 1 1 ( I

M f51 I M i )'.11 k I PI II 4 %I,- SI, I dr-NIl

1' l \(, t1 O , I$ .

" It I I I L I. I " 1 -. 1! -



I IAT 441 it ttt~i si RI,, U t %' I-% 11 \Kif- VsI 15 1 . ii' , b.,inc tNi'i Ili I hit,-ei, hr ttlocicnm I PihiL,kit liVk , I

lit 1451 ViS ill tI,.cn ti NI S ppi i'',' I I 1i

iI:3 I K IIII $141 %.%?I llwccý if Ut 41,1111,1 5
INDS1 tSltl I 14'IOIC lot I ilomtm
It ItIL V AS Ca ,,ir,n Md~ln, I in.'it- I em

11 IPAN IlII I Wnimfif Inkw. %I konthi,hn 1o'kito S hio~unii.. I,'SA. S SOAtwhL%.'
I INt i HI-Sl IRI 4 I'M .1(8 P (lint, Ssn i .nati.im'o i A
I A WtlPFtI) MStiS11 FS Pi WSt'1- Co) INIC- t I uhi'i Stiim %tsk CA

s ICt ( 11:1 ANt) tNi Ir S INC tt.lmnn tI XIII MOrttllnnti
NttXIt 'i K (;hCflAn

"Ui W /I-iAt AND4 Xci /.titiotd 4otot .niw-,gi Kc l,-iivknf It tIhmt till 1--I',,"'

N4I Mt1 F! IIt-N, ISM .4k -V.51W INSC ,Ih If stimpt'tr' ItImn.Ini I X
- N4 ill NOWAN F i'i ,v Is-suItt,-nn I- SI.,nnntg StaaIce iw I I i'gI L, Sk i Notvi,,' fec Vimi Inii i ntigg'te

hout!fhi11ttii. I' S 4 ItiLit, R t'~I Siriirn I IWo S I~', I Mn., St% Itic Kim' IIet.. W, i4.
i1 t- lIt- lI 1- IliVI F 1 ; Y1) 4 ! ~S N Rt'.c.t % 11c4 '. k.It dir [I I
P-lIltP 1 41(1 tt AII 1-ClINi ISI Itii N I ouc Ileanti ~4 *A i Wctiv i .
I10R ittrt 4thtNl-N flS~Wit) t-U.gt'.ti kte It StK4tt It WOCi I( N 1k~l '4L.L It4.01tA RIX

P1(1-S $IS% 1(Stfj4 154 itt It- UNI C41 -Ir w.-. A,,lt Itwc'. I!

St 111-PACk 5iSiI ',ill%%It lK I'S ,SCiITACK4'
Slit II )tVIi~ iI f1i4'tt $M 'S 14I, N Altttl i t INi I tI llo timti-.',i ISI

SI'S415 1) Atfiivd' Plel Algtrmi.

11441 %5 511 IIS It-SWiNIN)II 1Sip C A ~ - I
t-I N P II kIM N 41 14I ,ik. ii Itnn 5, nil ,,fit, IN K GoaO VIn1.It.-.-x Alt , P I.noo,i Idimt 1.,, tn-dc,

I iict.i.t 'M i .11 W tLc ,14le 1 ( i'.c Sni'tl'' VI U I1$ .. le" i~c t4 .,v.m %. olnt muI I kil I I. n: ."I. I ý -1-tii I I -ri!.n I
I- imuimI mrst-1, It %. i gr i:h f-in * 4 Iio ','c I 4 rti 'a" 'lee I r M 'y I 4 ' l k i t ".1 It.. N , %i% I~ in %tmrs ui ihA
.victi &11 I '"A wtf i I sIt $A Duck,% 1 vlet 41111 keii I '..i I4 iil I 155-ji It o-1. 111v.

IS Itlk tiP -NC m' 15., iiAI,,¾.' -I mhi10.ioittM'Il-xIm
I l iii~o V% INlw tlcItn',,, %rmv 4lmoJO~ -I 1,Itis

UI Ii S 111% Ai CiNii' I 1 N V % % i l il ,, IfiV ilI% fl

I4 ill 114%4 I N I 5 Is i -I i t iI.','.' i, it

ItI

Ati oIfr


